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model developed earlier in this program indicated that a large grain size
appears to favor localized shearing which in turn leads to fatigue crack
initiation.

The concept of an effective stress intensity range has also been
studied in detail. This has been done by studying the kinetics of crack
growth through overload gffectbd zones. The results show that, provided
the plastic zone is indeed larger than the.grain size, Elber's concept of
an effective AK raﬁge is a useful quantitative guide for describing non-
uniform loading histories. Our work in this area has led to the further
development of an extremely sensitive experimental technique for monitor-
ing small increments of crack growth. The technique will be described in
more detail later whefe its accuracy will be discussed by comparing crack
growth increments between overloads measured by the compliance technique
to the same growth increments measured by scanning electron microscopy after
complete fracture of the specimen.

The most recent work on the project has been concerned with crack
initiation. This work included a study of cyclic deformation response and
the determination of overall fatigue life in tension. Metallurgical vari-
ables were chosen to match those used in our crack growth studies. Our
results are interesting in that very similar plastic strain life behavior
was found, at least in the small axisymmetric tension-compression specimens
we tested, for the three tempers T351, T851 and T851*. An explanation for
this might be found in the observation that in the T351 temper cracks tended
to initiate but grow slower than in either the T851 or T851* tempered
specimens. Crack initiation mechanisms included localized slip (i.e.,
localized shearing) and second phase particles. Since microstructures
containing coherent or semicoherent zones or precipitates are known to be
more prone to localized shearing, it is possible that crack initiation
within shear Bhnds occurs more readily in alloys with a T351 temper.

II. Relevanc;

An understanding of fatigue mechanisms, especially those causing crack
initiation and growth, will undoubtedly play a major role in future develop-
ment of more fatigue resistant materials to be used in aircraft design.
Metallurgical variables such as grain size, precipitate (dispersoid) type
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I. Introduction

One of the most common features of metal plasticity is the tendency for
un’ form patterns of deformation to break down into patterns which are charac-
terized by highly localized modes. When these modes take the form of local-
ized necks or shear bands they act as direct, or at least imminent, precursors

1-4

to rupture. Precipitation hardened alloys, and especially the kind used

in aircraft construction, are particularly prone to localized shearing during

both monotonic and cyclic deformation.2»>-8

This project has been concerned
with evaluating the role of localized shearing in cyclic deformation, fatigue

crack initiation, and propagation in 2000 series aluminum alloys.

Our work has led to the development of new techniques for measuring
fatigue crack growth and for experimentally determining crack opening and
closing loads. We have applied the technique to the study of fatigue crack
growth in 2048 aluminum. Metallurgical effects concerned with ageing treat-
ment were studied in some detail; for example, we havé found that the highest
crack tip closure loads and lowest crack growth rates, are associated with
underaged microstructures. In addition we have found that grain size also
has an important effect on crack growth in that increasing grain size tends
to decrease crack growth rates and increase crack closure levels. Furthermore,
studies of overload retardation have shown that underaged or peakaged micro-
structures undergo the largest amounts of retardation.

As just menfioned, it was found that grain size has a very important
effect on crack growth rates. We have shown, for example, that the size
of the crack tip plastic zone, in relation to the grain size, determines
the kind of crack opening behavior that is observed. When the plastic
zone size is less than the grain size, crack growth is characterized‘by
large amounts of out-of-plane shearing caused by the inhomogeneous,
localized shearing within the grain matrices ahead of the growing crack.
When fhe plastic zone size is larger than the grain size, the tendency
for out-of-plane sﬁearing is much less, the closure levels fall--they
actually undergo a transition--and the growth rate is increased. Grain
size was also shown to have an important role in determining the tendency
for localized shearing to set in within individual grains. An analytical
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resulting slower rates of crack growth) can be achieved by grain size control.
Unfortunately this usually involves a coarsening of grain size which may also
lead to decreases in fracture toughness. Underaged microstructures '
(corresponding to commercial tempers like T351) also give rise to lower
growth rates than peakaged microstructures (corresponding to commercial
tempers such as T851) or slightly overaged microstructures. Our results

on overload retardation are consistent with this in that the greatest

amounts of retardation following multiple, single cycle overloads was
observed in underaged microstructures. N

The quantitative usefulness of the closure concept has been tested
by correlating the kinetics of crack growth through overload affected
regions in terms of an "effective stress intemsity" range, Axeff =
l(open'
the observed phenomenology of closure was found to be rather complex.

K -
max
For single cycle overloads the correlations were quite good although

h: Some of the effects of microstructure on crack growth have been

' interpreted in terms of micromechanical models for plasticity in age-
hardened alloys. These models suggested that large grain materials would
display lafger amounts of out-of-plane shearing at a crack tip. This is
the result of an increased tendency for localized shearing within the grain
matrices. This, in turn, could lead to very much rougher fracture surfaces
and lower crack growth rates. These models also predicted a reduced
tendency for localized shearing near a crack tip after the crack tip
plastic zone reached beyond a grain size, which is consistent with the
observed transition in ¢losure levels. The transition from high to low
values of closure loads correlated well with a critical value of Kmax
which in fact yielded a computed plastic zone size approximately equal

to the grain width.

In the latter part of the project a study of cyclic deformation
response and overall fatigue life was undertaken. The results of this
study helped put our studies of crack growth in clearer perspective.

For example, whereas crack growth was found to be slower in our T351
temper than in either the T851 or T851* tempers, overall fatigue life
need not be increased. This is apparently due to earlier crack initiation

occurring within localized shear bands.

......................
..............................
............




and distribution, as well as environment are important and their effects on
fatigue crack initiation and crack growth must be understood more fully.
Furthermore, since the mode of crack initiation and advance is sensitive to
metallurgical structure, and since fracture modes can be shown to signifi-
cantly influence such properties as the rate of crack initiation and growing
crack tip phenomenology such as crack tip closure, it is important to also
explore the effects of microstructure on fatigue crack opening and closing
stress intensities. Furthermore, because crack closure plays an important
part in overload retardation, there is the possibility of improved
resistance to crack growth for non-uniform loadings by choosing materials or

microstructural controls that maximize closure effects.

The role of microstructure in aluminum alloys in fatigue crack
initiation, crack growth, closure and overload retardation have been

studied in this research.

II1. 1. Accomplishments

Over the course of this project we have studied, in detail, the micro
and macromechanics of fatigue crack growth in structural aluminum alloys,
principally 2048 aluminum. We have developed an extremely accurate dif-
ferential compliance technique, originally begun at Brown by Paris and
Hermann, for measuring fatigue crack growth and crack tip closure. The
technique has been used to study fatigue crack growth, crack tip closure,
overload retardation in age-hardened 2048 aluminum and, more recently,
response to spectrum loading histories. In addition to these experimental
studies, theoretical work under the project included an analysis of crack
tip plasticity for a steadily, and quasi-statically, propagating crack,
along with a model for the localized shearing within a single grain. This
single grain model was aimed at trying to understand why coarse grained
materials appear to show an increased tendency to undergo localized shear-
ing, which, in turn, leads to out-of-plane crack growth. The crack tip
plasticity studies highlighted some of the interesting effects of plastic
"wakes' left behind the propagating crack tip.

During the course of this project we have made several interesting
observations of the effects of microstructure on crack growth and crack
initiation. We have demonstrated that large crack tip closure loads (and
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In summary, we feel this project has made a strong contribution to
the experimental methodology used in the study of fatigue crack growth
and fracture mechanics. We have characterized crack growth behavior in
2048 aluminum in detail, and have provided new insights into the important
but difficult concepts of crack closure. Finally, we have highlighted
some of the more important effects of microstructure on crack tip plas-
ticity and localized shearing during fatigue crack initiation and growth,
including crack retardation following overloads.

III1. Summary of Research

This section contains the text of the Ph.D. Thesis of Dr. J. M. Baik.
This thesis discusses.and presents key results from the project and is
written with good perspective of relevant work found in the literature.
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III. 1. Introduction

An understanding of fatigue mechanisms in metals and alloys will
undoubtedly play a major role by providing an absolute guideline in the
future development of more fatigue resistant materials.

During the past twenty years or so extensive studies of the
mechanisms qf fatiéue have been carried out to provide a basic under-
stapding necessary for describing fatigue in terms of specific processes
such as cyclic deformation response, crack initiation, and crack propaga-
tion. This research has ﬁighlighted in particular the importance of

microstructure in fatigue failure.

' Microstructural variables such as grain size, precipitate (or

inclusion) type and distribution, in addition to environment are known
to be especially important and their effect on fatigue crack initiation
and crack growth must be understood more fully.

The fatigue failure frocess can be subdivided into three stages:
(1) cyclic deformation prior to crack nucleation, (2) crack initiation
and (3) crack growth. ‘The former two stages belong to the fatigue crack
initiation period ané the last stage belongs to the fatigue crack éropa—
gation period. Generally fatigue crack initiation is studied, with low
eycle fatigue (LCF) performance, in smooth specimens, and crack propaga-
tion is studied in notch members. This means that crack initiation is
usually intérpreced using cumulative strain models while crack propagation
is associated with the growth of a large through-crack trecated in the

sense of conventional fracture mechanics.
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It is now understood that localized plastic deformation plays an
important role in both the initiation and propagation of fracture.
Also, the significance of localized shear processes has been demonstrated
in both monotonic as well as fatigue failures, and in both cases there
are important microstructural or material effects involved. Therefore,
it is of pagticulaf importance to develop a general understanding of

localized plasticity in the fatigue process since in many polycrystal-

.1dpe alloys, notably age-hardemnable alloys of alumiwmmm, titanium and

nickel, localizations have been shown to control both cyclic deformation
response and early =zrack initiation (1-3). This localization phenomena
can be linked to particular properties of microstrﬁcture. In alloys

of age-hardenable alumiﬁum—copper system, for example, when the matrix
is hardened by small coherent precipitates or GP zones rather than by
incoherent precipitates, highly localized bands of shear strain develop
due to precipitates shearing.

It is also becoming increasingly clear that localized plastic
deformation plays an important role in fatigue crack advance. Here,
again, the materials ;hich seem to show pronounced effects are agé;
hardenable alloys, especially those with a face-centered cubic crystal
structure. Generally, underaged alloys containing coherent, shearable
precipitatés show the g;eatest amount of localized shearing (4), often
with accompanying crack growth rates which are less than in the overaged
condition containing incoherent, nonshearable particles with comparable

yield strengths. Suitable explanations for these observations have not

yet been reported.




Since Elber's (5,6) experimental discovery of crack tip closure,
the closure model has been employed by numerous investigators in the
analysis of fatigue c;ack growth. Elber (5,6) proposed that the residual
stretch of material left in the wake of the propagating crack induces
the compressive residual stresses én the crack tip due to incompatible
mating fracture suffaces and thus reduces the effective load for crack
propagation. The closure concept can be formulated through an "effective
stress intensity™ range AKeff bl xnax" xupen , Where Kmax is the maximum
stress intensity applied and Kbpen is defined as the stress intensity

level required to actually open the crack tip against compressive

"closure" forces which act to close it. With this notion of an "“effective

stress intensity" range Axeff » 4 number of attempts have been reported
to explain various phenomena such as crack retardation following overload
(7,8), R ratio effects on fatigue crack growth (6,9), the influence of
mean stress on crack growth thresholds (10) and environment effects on

the rates of crack growth (11,12). 1In this AKeff approach, it is hypo-

thesized, following the procedur;s introduced by Paris (13), that the

fatigue crack growth ;ate, da/dN, can be uniquely related to Axeféi'
Crack closure behavior also seems to be affected by mode of crack

advance. Paris and Hermann (7) have observed well defined high closure-

to-low closure transitions in 2024 aluminum, which occurs with an obvious

L it

change in fracture surface topology. These transitions seem to be related
to the mode of crack advance , since substantial amounts of shearing
process produce a characteristically "zig-zag" crack path morphology and

since this resulting rough fracture surface can be responsible for the

b r e
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high closure levels. On this point, McEvily (10) has recently discussed
the possibility that high closureé stress intensities may result from the
large components of shear fracture in the low Kmax range. Further, there
is an interesting fractographic observation (14) showing that crack growth
occurs by a Mode II (shear mode) process at low stress intensity level

and by a Moge I (6pening mode) at higb stress intensity level. These
shear mode fractures are influenced by localized shearing in the grain
-matrices, which is also enhanced in underaged state containing coherent
particles.

Another interesting example of slip induzed closure effects has
been reported by Louwaard (15) on 7075 aluminum of different grain size.
The large grained alloys displayed a "slip band cracking" fracture mode
within the grains which lead to high closure levels and low values of
crack growth rate, but in fine grained alloys similar phenomena were not
observed. While it may be that large grains impose less restraints on
grain matrix shearing, there are a number of observations which suggest
that the slip properties are also very important in determining if local-
ized shear will océu;. For example, Hornbogen and Graf (16) fouﬁd that
localized shearing, slip-band decohesion, and reduced crack growth rates
also occurred in sheets of underaged iron-nickel-aluminum alloys. These
were not grain size effects, but were clearly related to the precipitate's
size and degrce.of coherency. Localized shearing and slip band cracking
did not occur in overaged alloys. These studies, however, did not include
measurements of crack closure.

Now, while it seems clear that there are important microstructural

and slip induced effects in the closure process, the fundamental relationships
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between them and crack growth mechanisms and growth rates are not yet
clearly understood. The purpose of this research is to study the micro-
and macro-mechanics of both fatigue crack initiation and crack propagation,
and to investigate their relationship to localized plastic deformation in
age-hardenable 2048 aluminum alloys. Precipitation-hardened aluminum
alloys have_teceiv;d special attention due to ease of microstructure
control by ageing treatment and because of the high performance of the

- wvarious microstructores. In particular, 2048 aluminum has been recently
developed for aircraft construction material by increasing its fracture
toughness. Special attention was given in the present study to the
importance of microstructure, including grain size.and ageing treatment
in cyclic response and LCF behavior, crack growth along with the phenomena

of crack tip closure, and on overload retardation effects.

In order to characterize the material propefties of different micro-
- structures studiec, the monotonic and cyclic deformation behavior and

'! LCF performance were investigated by strain control tests and their
regults are contained in Section II. Since crack closure was studied

in detail throughout the course of research program, and its use in
describing crack growth was explored, considerable discussion on the
concepts and results are included in Section III along with the fracture

toughness values and crack growth behavior under constant amplitude

loading.
As a vital step taward understanding fatigue crack growth under
conditions of spectrum loading, as cncountered in service, tests were

carried out for the purpose of studving specimen response to multiple
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cycle overloads. The attempt was made to quantitativelv describe the

observed crack growth retardation following such overloads using the
measured crack opening loads. Results of these tests are summarized in

Section IV.

III. 2. Cyclic Deformation Behavior and Strain-Life Characteristics

2.1 Introduction

In a study of the cyclic deformation behaviar of metals, it is
important to consiéer their cyclic strese—strain curves. Most metals
show either cyclic hardening or softening when they are subjected to
cyclic plastic deformation. Cyclic hardening or softening is usually
observed by varying the applied stress under constant strain control or
by varying the applied strain amplitude under constant stress control
during cyclic deformation. It has, however, become clear that plastic
strain is the controlling parameter in metal fatigue, and so it is more
appropriate to control the strain limit rather than the stress limits (22).
This circumsta;ce is not without practical justification, since in many
structural components the material at the critical location (a notch
root, the surface of a bending member, etc.) is subjected to essentially
strain cycling conditions due to the constraint of surrounding elastic
material (17).

The i;terest in low cycle fatigue (LCF) testing stems directly from
the need fo; ingormacion on metals when subjected to relatively few cycles,
viz., failure in fewer than 5 x 106 cycles by definition, of controlled
cyclic strain (18). 1In the present LCF test program, the emphasis was put

on the cyclic deformation response shown by cyclic stress-strain curves and
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the fatigue initiation resistance shown by plastic strain-fatigue life
relation of different microstructures stﬂdied. The cyclic stress-strain
curve was obtained by the incremental strain step test, and the plastic
strain - fatigue life relation was obtained by both total strain control
test and plastic str;in control test. It turned out that the plastic
strain control test provided a more accurate correlation with the Coffin-

Manson plot for materials which do not show a clear saturation of stress

_but congistent hardening-softening behavior over the entire plastic strain

range.

Finally, the fracture surfaces of different microstructures studied
were also investigated by scanning electron microscopy (SEM).

2.2 Experimental

2.2.1 Materials and Specimen Preparation

The material used in this series of expsriménts was 2048 aluminum
alloy whose chemical analysis is given in Table I. Aluminum alloy 2048
is a relatively new material designed for aircraft applications with
improved fracture toughness. This has been achieved by lowering the
content of copper and reducing the content of impurities such as iron
and silicon below that normally found in aluminum alloy 2024. Excess
amounts of copper yields high levels of undissolved soluble phase 0
(CuAlz), w#egeas both i;on and silicon produce large particles of in-
soluble intermetallics (A£7Cu2Fe, MgZSi and (Fe, Nn)At6) b; eutectic
decomposition during ingot solidification (19). These sccond phase
particles have a well-known detrimental effect on the fracture toughness

of age-hardenable aluminum allovs since they can be fractured during

primary processing and their incoherency promotes void growth and coalescence.
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The material obtained from the Reynolds Metals Company as a 28 mm
thick plate in the -F temper was solutidn heat-treated in a lead-melt
bath at 495°C for 3 hours, quenched in cold water of 20°C and immediately
(i.e. within 1 hour) stretched to 2 percent plastic deformation for
residual stress relief. This was folloﬁed by appropriate ageing and
subsequent gachining to a final specimen size. The three ageing condi-
tions to be reported on here are described in Table II. The typical
grain structure of plate ohtained sfter T35]1 temper are shown in Figure 1
in which A denotes the rolling direction and 3, C will be explained in
the next section.

To study grain size effects, the finer graiﬂ size plate with T851
temper (to be referred to as éine grained hereafter) was also tested.
The grain sizes measured across the long transverse cross section
perpendicular to the loading axis are 0;063 mm and 0.19 mm for fine
grain and coarse grain material, respectively.

Uniaxial, cylindrical specimens with threaded ends were employed
through the LCF test programs. Specimens were machined such that the
loading axis is parailel to the rolling direction A in Figure 1. 'fhe
area of gauge section was aetermined by considering the loading capacity
of the Wood's metal grip. To prevent plastic buckling during compressiom,
a length-tq-diameter ratio of 2 was chosen. The shape and dimensions of
specimen are shown in Figure 2. o

Since it is well understood that surface finish has a large
effect on the crack nuclcatjon period, all specimens were mechani-

cally polished with a series of abrasive paper down to 15 um on the
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TABLE E’

Chemical Analysis of 2048 Aluminum in Weight Percent

element Si Fe Cu Mn Mg Cr Ni Zn Ti AR

2 - .05 .09 3.9 .54 1.59 <.01 <.01 .01 O0.15 Rem.

TABLE II

Ageing Designation and Condition Used for 2048 Aluminum Specimen

Temper Designation State Description
T851* slightly overaged sclution heat treated,

cold worked, stress re-~
lieved by stretching
and artificially aged
at 190°C for 24 hours.

T851 peakaged same as above except
for artificial ageing
at 190°C for 12 hours.

ISR ;".‘.(].

P
"

b3 '

| . T351 underaged same as above except

= for ageing at room
temperature.
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c/ 0.5mm

Figure 1: Typical grain structure in 2048-T351. A shows the rolling
direction. Crack's plane is parallel to face B and its

front is parallel to edge C.
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Fipure 2: Dimensions of low cycle fatigue specimen (unit : mm)
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lathe and finally electropolished until both the machining marks and the
surface scratches completely disappeared. This electropolished surface
provided an equal surface quality as well as a good surface for slip line
and surface crack observation under an optical microscope. A solution of
800 ml ethanol and éd'ml perchloric acid (60%) was used for electrolyt;.-
The diameter of the specimen was measured with an optical mierometer having
the resolution power of 2.5 x 10_3mm to keep the surface scratch-free.

2.2.2 Procedures

Three types of the low cycle Tatigne (LCF) tests were performed to
investigate the cyclic defo-mation response and to compare the fatigue
registance for different tempers and microstructufes: an incremental
strain test, a total sérain c;ntrol test and a plastic strain control
test.

The incremental step strain test, originally proposed by Landgraf,
et al. (20) to determine the cyclic stress-strain curve, consists of
subjecting specimens to blocks of decreasing-increasing strain-time
history. A maximum strain amplitude of t 2.0 percent was selected since

that range is usually sufficient to cyclically stabilize the metal quickly

without the danger of causing the specimen to neck, fail or buckle before

a stable state is achieved (20). 1In these blocks, a zero strain ampli-

tude was reached after 40 cycles and the maximum strain amplitudes after

P aAuge

another 4J cycles. A solid, stabilized cyclic stress-strain curve was

Paa

obtained after the application of several blocks and the test was con-

Chat'

tinued until the specimen fractured. By comparing cyclic curves with

monotonic stress-strain curves cyclic softening or hardening behavior
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can be characterized.

Fully reserved, total strain control tests were performed to obtain
the strain-fatigue life relation of different microstructures. The pro-
cedures for this test are well established and are similar to those des-
cribed elsewhere (21;;2). fatigue life was determined at the point where
tensile load. peak dropped down to half of first cycle tensile peak.

When large fatigue cracks develop on the final stage of test, the
hysteresis loops are distorted and show an _inflection point in the
compressive portion of them. Figure 3 is given as an example of this
behavior. Once this malformed hysteresis loop has formed on coimpressive
reversal, ;he tensile peak con;inues to drop rapidly while the compres-~
sive peak remains almos£ constant. The testing was done under low strain
amplitudes, i.e. less than 1 percent strain.

Finally, the plastic strain control test was conducted under

computer control. It is programmed that when the apparent strain cal-

culated by electronic signal from strain gauge reaches the value of

X plastic strain secting plus the elastic strain- computed at instantaneous
load level, the loading direction is reversed. The instantaneous

;3- elastic strain was computed from instantaneous stress divided by elastic
modulus already determined from cyclic stress-strain relation. The peak
o loads of b;th tensile a;d compressive reversals were also detected dir-

v ectly and accurately by electronic signal from the load cell and the

average stress level was computed simultancously over the programmed

L 400 e NG

intervals of equal logarithmic values. From these data, a cyclic harden-

ing or softening curve can be constructed by plotting the stress required
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The final stage of total strain control LCF test shows the
distorted hysteresis loop when a macroscopic large crack

.developed. Note that the tensile peak continuously drops

vwhile the compressive peak remains nearly constant.




to maintain the imposed strain as a function of the number of cycles.

2.2.3 Equipment

All mechanical tests were conducted on an Instron closed loop
servo-hydraulic test maching of 44 kN (10 kips) capacity in laboratory.
dry air at room temﬁg;aturé. Since, in total strain control, a fractured
specimen may continue to cycle even though there is a zero témnsile load
response, an under-peak detector on the Instron machine was used to prevent
equipment and specimen damage. This shur-off device requires that a
pre-determined tensile load (in this case, 50 percent of the initial
tensile peak) be reached on each successive cycle for the test to con-
tinue. Thus, when a large cr{ck develops in a spéciygn and the tensile peak
load falls below this #reset value, the machine will immediately and
automatically stop, preventing the pounding together of the fractured
ends of specimen, and thus permitting the examinaéion of undamaged
fraecture surfaces. For the plastic strain control LCF tests, a PDP-11/34
mini-computer was used to control an Instron testing machine with an
interface designed and fabricated at Brown University.

For gripping the specimens, 12.7 mm-20NF threaded grips were used
to prevent slipping during tensile and compressive reversals. It should
be sure that the specimen is firmly tightened to the grip not to show

any free play on the reversals of loading.

In order to assure proper axial alignment of specimeﬁ with the

? loading axis, a grip of a low melting alloy (so-called Wood's metal)

2 was used. A clip-on extensometer with 8 mm gauge length was used for

=4
the strain measurement and accurate to strains as well as 10 . Since
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the sharp knife edges on extensometer can provide an easier crack
initiation site, Scotch-Brand magic tape was used on the contact points
of the gauge section to prevent the earlier-than-expected failure.

Even with these precautions some specimens, especially soft specimen oﬁ
T351 temper, failed éggm thé contact points and were excluded from the
consideration of results. The extensometer usually undergoes some drift
until the knife edges settle into the tape and a waiting period of 15
minutes were required.

During the course of the strain control LCF tests, the first ten
stress-strain hysteresis loops were autographically recorded and subse-
quent recordings of fixed, equal logarithmic inter#a;g were obtained.

After completing the LCF test, the crack profile and the fracture
surface was examined under optical microscope and scanning electron micro-
scope (SEM) to study the.fracture morphology. Ene;gy dispersive X-ray
analysis (EDAX) was frequently used for analyzing the second phase
particles or interesting areas.

2,3 Results

2.3.1 Monotonic and Cyclic Deformation Response

During the incremental strain step tests, the stress-strain
hysteresis loops were continuously recorded for all tempers until the
specimen failed completely by crack propagation through the cross
section. Figures 4a, b show initial cyclic hardening and séftening
behavior for the T351 and T851 tempers, respectively, during the
first decreasing strain block. After several blocks, the stable

hysteresis loops were obtained as shown in Figure 4c, for the T8S51*
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(c) :

Figure 4: Hysteresis loops during the incremental strain step test.
. (a) T351 temper shows the c¢yclic hzrdening behavior.
H! (b) T851 temper shows the cyclic softening behavior.
. "(c) T851* temper after 3 blocks of incremental strain shows
3 . the stable, solid hysteresis loops.
(a) and (b) taken from the first decreasing. strain block

;. are not stabilized yet. Monotonic stress-strain curves
g{ were taken from the first quarter cycle of (a) and (b).
{
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temper. There was essentially no difference in these stable loops for
both decreasing and increasing strain iﬁcremenc of cycling. Cyclic
stress-strain curves Qrawn through the tips of these stable hysteresis
loops are shown in Figures 5a, b, c, d_for all differept microstructures )
studied along with ﬁﬂé monégonic curveé.which were taken from the first
quarter cyc}e. B& comparing the cyclic stress-strain curve with the
monotonic curve, the nature and extent of cyclically induced changes are
immediately apparent. Table II1 shows the trabulation of monotonic and
cyclic tensile properties of all tempers including the different grain
sizes. In both monotonic and cyclic deformation yield strengths at 0.2
percent strain offset are reported, and monoconicj(;xglic) strainhardening
exponents are the best-fit slopes of logarithmic monotonic (cyclic) stress-
plastic strain plots. It can be seen from this table that subsequent
artificial ageing at 190°C produces higher strengfh and the lower ducti-
lity. The overaged temper designated as T851%, however, shows reductions
in both strength and ductility from the peak-aged temper. The effect of
grain size shows that the fine grain material has superior strength and
ductilicty as compare& to the same temper of the coarse grain material.
The hardening exponents of all tempers increase by a factor of two or
three showing steeper curves in cyclic deformation.

All cyclic stress-strain curves show no transition of hardening
to softening:or-vice versa, but rather consistent hardening or softening
for all the strain ranges studied. A higher degree of cyclic softening
is observed in the vveraped temper than in the peak-aged temper.

In this test the T351 temper failed after 3 1/2 blocks, whereas
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Figure 5: Monotonic and cyclic stress-strain curves obtained during
incremental step test.
(a) T351 temper is cyclically hardened over the entire plas-
tic scrain range. (b) T851, (¢) T8S1l*, and (d) fine grained
T851 temper are cyclically softened over the entire plastic
strain range.
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TABLE III

Monotonic Tensile and éyclic Parameters

o T351 . T851 ! . T851%* Fine Grained T851
; Monotonic
f oy MPa(ksi) | 303 (44.0), 410 (59.5); 397 (57.6). 446 (64.7)
#k %, MPa(ksi) | 384 (55.7)! 452 (65.5). 428 (62.1) 492 (71.3)
fi ou/cy 1}27 1.10 1.08 1.10
;f RA 32 29 27 30
- €, L 0.24 0.15 0.12 0.17
:& k MPa(ksi) ! 404 (58.6)! 486 (70.5)! 475 (68.9) 490 (71.0)
n 0.044 0.026 0.030 0.015
S
. Cyclic
!L‘ o; MPa(ksi) | 367 (53.3)| 352 (51.0) | 324 (47.0) 381 (55.2)
}; eé 4.4 4.3 2.3 2.9
{ k' MPa(ksi) | 572 (82.9), 582 (84.5)| 563 (81.7) 598 (86.7)
b n' 0.070 0.080 0.091 0.073
c - =0.95 -0.94 -0.86 -0.89
Monotonic Cyclic
oy:O.ZZ offset yield strength o;:O.ZZ offset cyclic yield strength
ou:ultimate tensile strength eé:fatigue-duccility coefficient
RA:reduction in area k': cyclic strength coefficient,
€gitrue fracture ductilicy Ao/2=k'(Aep/2)“

k :strength'coefficient, a=k(e )" a':cyclic straining hardening exponent
n : strain-hardening exponent C :fatigue-ductility exponent
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the other tempers failed after 6 blocks. This result also suggests that
the T351 temper is inferior to the othet.tempers in fatigue initiation
resistance. The detailed comparison will be given later by the relation
of fatigue life versus plastic strain agplitudes applied.

2.3.2 Total Strain and Plastic Strain Control LCF Behavior

Typical hysteresis loops from 1 to 10 cycles for the fine

grained T851 temper are shown in Figure €, tested at a total strain
amplitude of + 1.0%. In the initial reverse cycle imto compression, a
doubly inflected curve with a portion of convex curvature has resulted.
After several cycles, these inflected behaviors of reverse deformation
diminished and stabilized into normal cyclic hysteresis loops with
gradual cyclic softening. These characteristic hysteresis loops were
also observed for the T851* and the T851 tempers of coarse grain material.
This behavior implies that dispersion hardening with an Orowan mechanism

is active in these tempers materials probably due to large precipitation

particles of S'(AlZCuMg). Even though microconstituent analysis was not
péffdtﬁéd.aué'tomthe_complexity of commercial alloys, it has been well

known that a reasonable amount of incoherent, non-shearable S' particles

as well as large semicoherent and shearable GPII zones are formed during
these tempering conditions.

Asaro (23) suggested in his kinematic hardening model that this
inflected ﬁehavior is due to a non-linear elastic behavior§and a memory
effect of the non-shearable precipitates with the matrix having low

stacking fault energy. In contrast to the previous tempers, the T351

temper showed the normal hysteresis loop without any inflection behavior
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. . Figure 6: Cyclic hysteresis loops from 1 to 10 cycles from the fine
grained T851 temper, tested at total strain amplitude of
! £1.0Z. The doubly inflected behavior of reversed deform—
ation are shown clearly in the first hysteresis loop and
- diminishes as the cyclic loading goes on.
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implying that the precipitation hardening attributed to shearable, coherent
GPI particles dominates (24). -

The flow stress variations with respect to the number of reversals
applied for different values’of total strain amplitudes are plotted in_
Figures 7a, b, c, d,-;;r ali tempers studied. Since the hysteresis loops,
especially in low strain amplitude cycling, showed different peak
levels of tensile and compressive reversals, the cyclic stress amplitudes
were determined by taking average values of those stresses in each
hysteresis loop. Only the T351 temper showed continuous cyclic hardening
whereas all other tempers showed continuous cyclic softening until final
fracture. As expected from cyclic stress-strain curves, there was no
transition from hardeniﬁg té softening or vice versa up to the point of
final failure. It should be noted that the abrupt drop of stress level
at the end stage of life is not due to softening sut due to the presence
of cracks large enough to be observed in a low power magnifier and coin-
cides with the onset of a distorted hysteresis loop in compressive
réversals. The éegrge of cyclic hafdéning/softening was enhanced at
high strain amplitudes with rapid initial hardening/softening followed
by slow hardening/softening, whereas that is less evident at low strain
amplitudes. When interpreting the result, it should be noted that the
number of ;eversals is ;1otted on a logarithmic scale. There seems to
be no saturﬁtion at high strain amplitudes and the saturation is not
clear, again, at low strain amplitudes.

Since it is beliceved that plastic strain is the controlling

parameter in fatigue fracture (25) and those tempers tested here have
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Figure 7: Cyclic response curves for different microstructures from

total strain control tests. (a) T351 (b) T85! (c) T851*
(d) Fine grained T851 temper. The constant strain ampli-
tudes in percent, are indicated on the curves. Note that
the cyclic stress amplitude was determincd by taking aver-
age values of tensile and compressive peaks in cach hyster-
esis loop. Only the T35] temper shows cyclic hardening
behavior.
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shown no distinct saturation but consistent cyclic hardening/softening
behavior up to final failure, the constant plastic strain control test
was performed. Figure 8 shows the typical hysteresis loops for the

T851 temper of coarse grain material with the plastic §train amplitudg
of £ 0.5%. Slight wé&& curves in theseiioops are due to the computer
control which is able to command only the stepwise motion of loading
ram. There is shown an interesting phenomenon in this figure; the un-
loading slope for elastic strain recovery was quite different from the
initial loading elastic slope, probably due to reversed plastic flow
even at positive stress and inelastic contribution to the strain anpli-
tude (26). The difference was as much as up to{l?Z.ghowing that the
width of the hysteresi§ loop is smaller than the plastic strain amplitude
programmed. In this experiment, the plastic strain amplitude was deter-
mined by the apparent width of the actual hystereéis loop rather than the
plastic strain amplitude programmed by following a conventional method
(27). The T851 and the T851* tempers again showed the doubly inflected
curves, but not the T351 temper, thbugh the T851*% temper has slightly
large curvature of c;nvex portion in a compressive half. The cyclic
straining response curves for different plastic strain amplitudes are
plotted in Figures %9a, b, c, d with the number of reversals applied.
They are similar to, ch have sliphtly greater degree of hardening/
softening behavior than those obtained from the total strain control

tests. It should be noted that the plastic strain amplitudes shown are

corrected values according to previous explanation.
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Hysteresis loops of 1 to 10 cycles taken from the plastic
strain control test on T85]1 temper. The plastic strain
amplitude was #0.5%. A slightly wavy curves are due to
‘stepwise motion of loading ram by computer control. Note

. that the half.widths of the hysteresis loops are smaller

than the plastic strain amplitude, probably due to reversed
plastic flow even at positive stress.
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text.
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2.3.3 Fatigue Life Characteristic

e R o

The fatigue resistance to total strain cycling for any particular

metal can be considered as the summation of its elastic and plastic

strain resistance (28), hence

where

(Be/2) = (e /2) + (ac,/2) = (og/a)csz)b + ep(np)©

Aet/z :

Ae /2
e

Ae /2
P

..

..

..

total strain amplitude

"elastic strain amplitude

plastic strain amplitude

fatigue strength coefficient

Yoqu'é (elastic) modulus S

number of cycles to failure (=fatigue life)
number of reversals to failure

fatigue strength exponent

fatigue ductility coefficient

fatigue ductility exponent

(0 ))

The first part of the above equation relates the elastic strain

or stress amplitude to the number of reversals to failure. The second

part of qu (1), called the Coffin-Manson equation (29,30), relates

the plastic strain amplitude to the number of reversals to failure. A

schematic representation of Eq. (1) is shown in Figures 10a, b.

In can be seen that at short lives the plastic strain component

predominates, emphasizing tlie importance of ductility.

At long lives
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Typical stress-strailn hysteresis loop. Total strain
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plastic strain portion.

Typical strain-li{fe curves for elastic, olastic and
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the elastic component becomes predominant, emphasizing the role of
strength (17). However, due to the primary importance of plastic strain
both in unidirectional plastic deformation and in fatigue, Coffin-Manson
equation has been widely used. It has been attempted to relate the
plastic strain resisigﬁce, é; , with thé.monotonic fracture ductility,
ef , Shown ;p Table III, but no general agreement is found between the
results reported.

The relations of the fatigue life vs, the strain amplitude applied
are shown in Figures lla, b, ¢, d in the form of a Coffin-Manson plot for
all the tempers. In these figures, two kinds of plastic strains are
plotted: one is the computed value at half life (S?{g?.during the total
strain control tests and the other is the fixed value directly from the
Plastic strain control tests. These two values show significant differ-
ences, particularly for the T351 temper and in the small plastic strain
raﬁge. The discrepancy could be partly due to the characteristics of
materials in that they show no clear saturation but continuous hardening/
softentng’ behavior.

Sanders et al. (31) showed the deviation from the single slope of
the Coffin-Manson plot in commercial aluminum alloys, and attributed them
to changes in deformation processes as a function of the plastic strain

amplitudes. They argued that slip is homogeneous at high plastic strains

(>10-3) and heterogeneous at low plastic strains (<10-3) which turns into
dual slope behavior. Tt should be noted that in their experiment, the

plastic strain amplitude was computed from the total strain control tests

g
Va- .

with the values at half life. In the same way, when the computed plastic
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Figure 11: Scrain-fatigue life relations for diffecrent microstructures

studied. (a) T351 (b) T85! (c) TBS1* (d) Fine grained T85!
temner. In these graphs, the cross mark represents the com-
puted plastic strain amplicude determined at half life in
total strain control test, whercas the open square repre-
scents the fixed value from the plastic strain control test.
Note that the T351 temper shows bip differcnce between two
values. )
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strain was plotted in these tests the multiple-slope behavior are

clearly shown with the deflection point. around 10-3 as in their results.
On the other hand, the plot of fixed value from the plastic strain control
tests shows a straight line of single slope. In these_;ests, the range.qg

-2 4 -

10 © to 107~ plastic strains was studied. The above explanation is

sufficient to prove the necessity of the plastic strain control test.

In order to compare the LCF resistance between different micro-
structures, the results only from the plastic strain control tests were
plotted again in Figure 12. There is not significant difference among
the T851, the T851* tempers of coarse grain materials and the T851 temper
of fine grain material, whereas the T351 temper shows a slight, if any,
inferiority to them.

2.3.4 Fracture Surface Morphology

3 The crack profile observed from the vertical cross sections shows

that the cracking mode is entirely transgranular in all the microstruc-

P

Ei tures studied.” The fact that a number of small cracks were left only on
; thé surface impfieénghat the fatig&e.crack was mainly generated from the
E surface. The small cracks nucleated on the surface were subsequently

E linked up together and propagated to cause final failure. The higher the
.

8 strain amplitude, the more generation of multiple surface cracks. On the
é . same amplitude, the T351 temper shows more surface cracks than the other

- tempers. Figure 13 shows a cluster of surface cracks around the crack
initiation site marked as "A" for the T351 temper tested in the plastic

strain amplitude of ¢ 0.2%. It is interesting that the surface cracks

were concentrated as a form of group around the initiacion site and
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Figure 12:
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SEM photograph showing a cluster of surface cracks around
the fatigue crack initiation site marked as A. Surface
cracks are parallel to fracture surface and left cheveron
marks below the initiation site. From the T351 temper

in the plastic strain amplitude of £0.2%. x 150
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parallel to main fracture surface leaving cheveron marks on the surface.

The examination of fracture surfaee under SEM revealed that the
ductile tear ridges covered the whole fatigue fractured area and the
multiple initiation site ex%sted, shown in Figure lé4a as an example. Thg_.
multiple initiation ;;tes A, B, C around the surface are again viewed at
high magnification in Figures 14b, ¢, d. The initiation zone has the
feathery markings which converge to its "eye'" and the brittle appearance
of cleavage fractures. This stage I fatigue does not display any
characteristic fatigue striations due to the shearing mechanism. The
initiation site frequently has a second phase inclusion on its eye as
shown in Eigures 15a, b, whic@ indicates that theicgqu was initiated from
these second phase particles. The analysis with EDAX shows that these
inclusions are intermetallic compounds containing ptiﬁarily the impurity
silicon.

Stage II fatigue propagation is distinguished by striationms,

parallel plateaus and longitudinal ridges as shown in Figures 16a, b. The

fitie striations are running perpendiéular to the crack propagation direc-

éi tion. At high crack growth rate, the secondary cracks were formed at the
*S roots of many ductile fatigue striations shown in Figures 17a, b.

'E . Around the end stage of fatigue, the fracture surface shows the
Eé . mixed mode of ductile striations and intermingled dimples as shown in
: Figure 18. The final overloaded region which was failed b& tensile

I rupture is covered with stretched zones and dimples associated with
ii second-phase particles as shown in Figure 19.
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(b)

(Captions on next page)




ey

e {

Sanns B> noa

Figure 14:

- 46 -

SEM fractographs taken from the T851l* temper specimen

tested at *0.5% total strain amplitude.

(a) Multiple initiation sites are shown as A,B,C at low
magnification (x15).

(b) Magnified view (x150) of A shows feathery marks emanat-
ing from nucleation eye.

(c) and (d) are higher magnification of B and C, respective-~
ly.
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‘ (b)
Figure 15: SEM fractographs showing large second phase inclusions on
the initiation site.
(a) inclusion of 15um x 700, T851 temper.
g (b) inclusions of 20um x 400, T 851 temper.
g EDAX analysis showed that both inclusions are Si-bearing

. impurity particles.
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(a)

(b)

y
ns

(a) also shows a small inclusion on the initiation ‘eye'

Transitions from Stage I to Stag~ IX characterized b
which turned out as CuAl2 by EDAX analysis.

(a) striations perpendicular to propagation directio

or (b) steps.

Figure 16:
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(b)

Figure 17: Fatigue Striations comprising secondary cracks at the roots.
(a) T851 temper at x1500 magnification.
(b) T851* remper at x900 magnification.
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The end stage of fatigue shows the mixed mode of ductile
striation and intermingled dimples.

Figure 19:

The final overloaded zone by tensile fracture shows stretch-
ed zone and dimples associated with second-phase particles.
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&‘ IITI. 3. Crack Growth Under Uniform Loading

3.1 Introduction

This section describes procedures and some typical results ob-

tained from a study of the micro and macromechanics of fatigue crack

growth under uniform loading. Since the crack closure phenomenon is

studied in much detail, its use in analysis of crack growth behavior

along with experimental techniques to measure crack opening and growth
rate are fully described. The descriptions include presentation of
actual data and discussion of how the data is interpreted. This type
of discussion is especially important in that the determination of crack
opening load is not straightforward and requires explanationm.

The em.hasis has beazn put on the role of microstructure, including
grain size and precipitate (dispersoid) type on the phenomena of crack
tip closure, in fracture toughness and crack growtﬁ. The different micro-
structures studied were achieved through varying heat treatment. The

result of this study shows that crack growth rates, following simple

3 uniform loading histories, are lower in underaged microstructures than
in either peak-aged or slightiy overaged microstructures. In addition,

it was found that grain size also has an important effect on crack growth

4
E in that increasing grain size tends to decrease crack growth rates and
g increase crack closure levels. On the other hand, this coarse grain size
-3
'
- leads to a decrease in fracture toughness.

3 Any crack growth study requires the development of an experimental
method for measuring small .increments of crack growth. Implementation
of the crack closure concept in particular, requires the development of

an experimental technique to determine the magnitude of the crack tip
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closure loads. The techniques developed to date can be classified into
two main categories: those that measure 'bulk specimen response and those
that measure opening displacements across the crack on the specimen sur-
face. Bulk response measurements have been performed by interferometry
methods for transparégi polymers (32), éiectrical potential methods (33),
and acoustic wave ;echniques using ultrasonics (11,34). Surface displace-
ment measurements have been performed with displacement clip gauges at

the notch (35), strain gauges bonded across the crack surface (36), dis-
placement transducers attached ahead of the crack tip or across the crack
surface (37) and by laser interferometry techniques (38).

In the present study of Frack growth, we empioyed an extremely
sensitive differential-compliance technique, initially introduced by
Paris and Hermann (7,39) and further developed by us (40) to measure
closure loads and distances. This same technique'was also used for
monitoring changes in specimen compliance due to crack extension. We
believe that this technique is superior to surface measurement pro-
cédures in‘that it provides a more realistic estimate of "through thick-
ness" phenomena and is capable of detecting, at least in principle, crack
length changes of less than 0.0l mm. Some discussion of the sensitivity

of the technique is given in Section IV under the heading of Fractography.

3.2 Experimental

3.2.1 Differential Compliance Technique

When a specimen contains a crack, the compliance for a given
position and dircction of the load depends on the crack length. By

elementaryv fracture mechanics for plame strain in Mode I (crack tip
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opening mode), it can be shown that (40)

da=-——-—§——2— -I-(I-’— de (2)
2B(1-v7) 1
where da : change in crack length
: thickness of specimen
:-Poisson's ratio of specimen material -
: applied load

¢ Young's modulus

T < B - A - -

1} stress intensity factor in Mode 1

dc : change in compliance of the system

Also, for a compact tension (CT) specimen the stress intensity factor in

Mode I can be expressed as : e e

P

K, = —= f (a/w) (3)
I A

where P is the applied load, W is the width of the CT specimen and the

polynomial function of geometry correction factor f(a/w) is, for present

purposes; ' taken as (41)

(2+a/w) (.886+4 .64 (a/w)~13.32(a/w) 2+14.72(a/w)>=5.6(a/w)*)
f(a/w) = (1-a/ 3/2
l-a/w)™" "

(4)

for 0.2 £ afw < 1,

It should be noted that the above polynomial expression is different

from that of ASTM E399-72 (Standard Mcthod of Test for Plane Strain Frac-

ture Toughness of Materials)
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[

1/2

£(alw) = (a/w)1/2(29.6-185.5(a/w)+655.7(a/w)2=1017(a/w) +638.9(a/w)?)

(5)

which is valid only for range of relative crack length, a/w, from 0.45

to 0.55. - . -

- The above equations (2)-(4) illustrate how, from ctanges in compli-
ance changes;in crack length and crack opening and closing load can be
determined. It was found that crack length changes of the order of at

least 0.0l mm can be detected by amplifying the electvrical signal rep-

resenting only compliance changes. This is done by electronically sub-~

tracting an elastic displacement signal, § » .computed from the

Elastic

actual load and by assuming a erack with a given length from the actual

load point displacement signal GAc This yields a '"differential

tual’

displacement', A6 = § , where 8 is, again, the

Actual 6Elastic Actual

measured load line displacement and § is electronically computed

Elastic
(39) and is linearly proportional to the load. Since the load line dis-

placement is proportional to the actual elastic compliance, the change dc,

' . . aw- e o

of the elastic compliance is obtained. The schematic diagram of the

electronic system is shown in Figure 20.

Figures 2la-d show some typical data on crack growth and closure
for a specimen with a slightly overaged condition. The records are a
matching set with the letters A, B, C, . . . etc., corresponding in all

four figures.

T-v -y
ey e e T TV T Y

Figure 2la is the record of load versus actual load line displace-

ment for a growing crack. These records, especially after that labelled

PR EC

1

"K", clearly show decreasing slope, indicating crack growth, and a bilinear
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form which indicates crack tip opening. That is, at low values of load
the records are linear indicating a well defined elastic compliance
determined by the crack with its tip closed - at higher loads the records
are again linear but with a reduced slope. This reduced slope, or
increased compliancé-is related to an apparently "larger crack length"

at higher loads than that which determines compliance at the” lower values
of load. One obvious problem in attempting to measure an opening load
from the records of Figure 2la is the difficulty in determining the
precise load at which the slopes change.

Figures 21b and 2lc represent typical data of load versus differen-

tial displacement. In this case the crack length assumed for computing

GElastic was the fully opened crack - at this value of crack length

sActual = 6Elastic and the load vs A§ records become vertical. The
search for this vertical record is, in fact, the ﬁeans of determining
this fully opened crack length. The values of load when the records of
Figures 21b and 2lc becpme vertical_a}so provide an accurate measure of
the crac¢k’ tip opening load. The typical records shown indicate that
opening loads can be determined with relatively little uncertainty.
Figure 21d is a collection of load vs A§ records following an overload
and will be discussed in the next section.

For the differen;;al compliance scheme described here to be effect-
ive, the loading and unloading curves, such as shown in Fiéures 21la-d,
as examples, must be essentially free from hysteresis. This has been

accomplished by using the special gripping fixtures made of an ultra

high strength maraging stcel shown in Figure 22a. As illustrated by the
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(b)
Fig. 22:

(a):

(b):

(a)

"Frictionless grips" used for compliance measurements.
A view of compact tension specimen and hanger plates with
labelling corresponding to that in (b).

Schematic diagram of bending of a specimen and of compen-
sating flexing df hanger plates for the grip configuration
shown in (a). N indicates the flexible necked-down sections
of the hanger plates, P indicates the loading pins and S
indicates the set screws used to prevent rotation of specimen
about the pins.

PRSP, : . et Db . a
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dashed line in Figure 22b when a deeply cracked compact tension specimen
is opened the motion is essentially bending. In the grip shown this
rotation is accommodated almost entirely by elastic flexing of the
machined thin gage hanger pl;tes at poiqts N. This thin gage section § L
should, therefore, h;;e area large enough to transmit the load to speci-
men purely elastically. Another possible rotation about the ‘specimen
pins at P is nearly eliminated by fixing the grips to the specimen pins

with the set screws S to further minimize friction and hysteresis.

3.2.2 Materials and Equipment

The 2048 aluminum plate used for these tests was the same as that
for LCF tests. The chemical composition and the temper (ageing treatment)
designation are contained in Section II. The residual-stress relieved
(see Note 1) and tempered plates were machined to 25.4 mm (1 inch) or
12.7 mm (1/2 inch) thick, 51 mm (2 inch) wide modified CT specimen
whose dimensions are shown in Figure 23. The grain orientation of these
specimen is such that the loading axis is parallel to the rolling direc-
ti6n Awith the Eraég's plane paraliei to face B and its front parallel
to edge C as shown from Figure 1 in Section II. The modification of
specimen were made to permit direct measurements of load line displace-

ments by making a step into the specimen on which razor edges were glued.

Note 1. It should be noted that for 25.4 mm thick CT specimens, the
residual stresses induced by quenching can have a significant
effect on the mechanics of crack growth (40). TFatigue tests
performed on as quenched and age-hardened specimen without
residual stress relief, showed a marked retardation of crack
growth duc to the compressive stresses on the specimen surface.
In addition, the fracture surface revealed a characteristic
"black fretted region'” which was not observed in the stress
reliceved fatigue specimens.
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In fatigue crack propagation tests the specimens were loaded sinu-
soidally under pull-pull constant ampli&ude load (with one exception to
be discussed later) at 35 Hz on an Instron closed loop servo-hydraulic
test machine. R, the ratio‘of minimum.;o maximum load in a loading cycle
has the range from 6?1 to 0.3. All load and displacement signals were
plotted autographically on two X-Y recorders by controlled Iloading at a
reduced frequency of 0.3 Hz.

Plane strain fracture toughness (K,,.) measurements were performed on
25.4 mm thick CT specimens of the same configuration as those used for the
crack growth tests. CT specimens of different microstructures were
pre-cracked under final maximum load of 3.6 kN and R ratio of 0.05 until
a/w was less than O.SS.by following ASTM E399-72 test procedures. Finally,
the longitudinal transverse (L-T) fracture toughness value obtained was
examined for the validity as an KIC value. The gIC test is valid if the
specimen thickness is greater than 2.5 (ch/oy)z, which means small
scale yielding at crack tip. Both crack propagation and fracture tough-
ness’ tests ﬁeré'péfformed at room.témperature in dry laboratory environ-
ments.

3.3 Results

3.3.1 C(Crack Closure Behavior

Elber (5) originally showed by experiment that crack closure was
a direct consequence of the permanent tensile plastic defofmation lefe
in the wake of the propagation crack. As a result of this deformation,
the compressive residual stresses duce to incompatible mating fracture

surfaces will close the crack, reducing the effective load to grow the
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E! crack. 1In the present test, the distinct closure phenomena occurred in
3 .
both 25.4 mm thick and 12.7 mm thick spécimens. There were no signifi-

cant differences in the relative magnitudes of closure loads for either
the 25 mm or 12.7 mm thick specimens for a given microstructure. This,

implies that the closure is not only a surface effect due to greater

stretch in plane stress region but a general phenomenon in plane strain

condition as well.
The closure behaviors for all the different microstructures studied

are illustrated in Figure 24 by plotting of opening level, Kopen/Kmax

(gpopen/Pmax)’ versus normalized crack length, a/w. The result for

2048-T351 taken from the work of Paris and Hermann (7) is also included

for comparison. The crack opening level was directly determined from

the differential compliance curves, already shown in Figure 21b, c.
Usually, the opening load was slightly higher thaa the closing load and
3 the average value was taken for plotting.

Elber claimed (6) that the closure level was approximately constant

and 6nf}ﬂaépéhdsron the stress ratio R during his test with the thin plate

.

center-cracked specimen of aluminum 2024-T3, implying that the closure

was independent of the crack length or stress intensity factor K. In

-y

the present study, however, the closure level displays some complicated
trends as a function of the range of appliced stress intensity and the
. phenomenology of closure was significantly affected by microstructure,

too. For constant amplitude loading, there was an evident transition

P

L I3

i; from high to low closure level for all microstructures studied, At low
L)

. Kmax levels prior to the transition, the closure level was consistently
]
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high and close to Elber's result, whereas at high Kmax in post-transition,
closure level dropped down to almost half of pre-transition value.
To investigate the transition behavior, the load level, crack length

and Kmax levels at the transitions are compared. As an example, the result

o

shown in Figure 24 oﬁ.the T351 (specimen X1) and T851 (specimen A67)
tempers are from tests run at maximum load of 3.34 kN and 2.67 kN res-
pectively, both on 25.4 mm thick specimen Kmax levels at transition were
9.6 MPa-vm and 10.9 MPa-vm with a/w values of 0.64 and 0.71, respectively.
In fact this was about the largest divergence in observed Kmax transition
levels; the values from seven additional such tests, four of which are on
12.7 mm thick specimens are listed in Table IV. For fine grained T851
temper, though, the tesﬁ run at the maximum load of 4.45 kN showed the
transition at an a/w of about 0.58 with Kmax of 10.0 MPa-/m. The transi-
tions are evidently not simply functions of speciﬁen compliance (i.e.,
geometry, including crack length) but appear to occur within a narrow Km

ax

range which can be seen from Table IV.
v 'ABEEﬁef'noEewofthy aspect of Ehé observed closure behavior is its
dependence on microstructure including grain size and the effect of
ageing trecatment. The closure loads were higher, especially at low Kmax
levels, for the coarse grained microstructures compared to the fine
grain mate?ial including 2024-T351 as shown in Figure 24. There was
also a genecral trend for the underaged microstructures at 5 given grain
size, to display larger closure load, again, at the lower Kmax levels.
By bearing the grain size dependence of transition in mind, the computed

plastic zoune sizes at the Km1x transition levels are compared with the

measured grain widcths; the results are also contained in Table IV. The

Y . . . e e
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correlation suggests that the transition occurs when the computed plastic
zone size extends fully over at least one grain. The suspicion that this
transition may be as much a material effect as a specimen compliance
effect suggested two additional experiments.

In the first té;; a crack was grown, to an a/w of 0.80, with a
nearly constant Kmax less thap the transition level. This was accomp-
lished by continually reducing the load. The results are also shown in

Figure 24 by the asterisks. Although there is a slight decrease in the

value of K /K

open’ ‘max’ the pronounced "transition" evident in the other

tests appears to be absent. A second test, designed to test the
reversibility of the transitiqn, was run with a constant load amplitude
of 3.34 kN on a 25.4 mm thick specimen until the transition was nearly
complete; AK at this point was about 14.7 MPa-v/m. The load was then
continually shed off so as to maintain a constant'AK of 8.0 MPa-/m which
was below the 9.6 MPa-v/m transition value. The test is represented by
the open and subsequently closed squares in Figure 24 which shows that
the faﬁib'Koéén/kma£lwenc through a transient increase. This behavior
certainly suggests that the crack closure behavior had returned to what
it was before the transition.

3.3.2 Fatigue Crack Growth

During recent years most of fatigue crack growth results have been
analyzed using the Paris cmpirical relation (13) between the crack growth
rate, da/dN, and the stress intensity factor range, 8K, as a form of
power law da/dN = C(&K)m where C and m are empirical constants depending

on the given material. Based on the closure concept, however, the
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modified form of power law da/dN = C'(AKef was suggested.

m
g
Following the above relations, some typical results for crack
growth rates versus both applied AK and computed AKeff are given in
Figure 25 for the three different ageing conditions T351, T851 and

- ) T ]
T851%. When the modified power law da/dN = C'(&K, ® is adopted,

1

££)

and 3.7 for T351, 7.3 x 10710

the values of C' #nd m' are 9.6 x 10-1

and 2.8 for T851, 3.2 x 10 19

and 3.0 for T851%, respectively. It should
be noted that all the results shown in Figure 25 were obtained under
the same conditions, that is, uniform loading with same Kmax' R ratio
and environment. The maximum load amplitude of 2.2 kN and minimum of
0.2 kN was applied which ensured the plastic strain condition for 1 inch
thick specimen. The results ;how that over most of the intermediate AK
range the lowest growth rates were observed in the T351 temper. A
possible explanation for this to be discussed later may be provided by
the tendency for underaged microstructures in precipitation hardened
materials to display heterogeneous deformation characterized by local-
ized -shear bands. This, in turn, leads to out-of-plane shearing, a rough
fracture surface moréhology, and a reduced rate of crack growth.

Another noteworthy observation of the present study, as discussed
in an earlier report (40) is a reduction in growth rate with increased
grain size, which seems consistent with a general trend found in recent
literature. It was shown therein that, over a wide range of AK, the
growth rate for the fine grained material was slighely higher than for

the material we heat treated and which underwent recrystallization and

grain growch.
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! 3.3.3 Fracture Toughness

- The longitudinal transverse (L-T) plane strain fracture toughness
results are given in Table V along with the validity examination for all
"4-“ microstructures studied. The load-crack opening displacement curves ob- ..

tained during the tests are shown in Figure 26 indicating the PQ values

which are determined from the intersection point of the secant lines from
origin with slope of 0.95 linear part and the individual curves. For the

KQ values, converted from P. by using Equations (3) and (5), to be

Q

considered as the valid plane strain fracture toughness, KIC' the follow-

ing conditions should be satisfied:

P
2"" < 1.10 (6)
Q
k12
B 2 2.5 a—o‘- (7)
ys

whgrq Qmax’is,thg maximum load achiévéd in the curves of Figure 26, B is
the thickness of specimen and oys is the 0.2 percent offset yield strength.

As shown in Table V, the first condition of Equation (6) was met for

all microstructures, whercas the second condition of Equation (7), how-
ever, was not met for the T351 temper but for the other tempers due to the

low yield strength and high toughness of the T351 temper. .This means

Adhe SN eug

that the crack tip plastic region of T351 tempered material was too big

compared to the crack size and specimen dimensions in the constraint

g a Rl i e

direction to make its fracture toughness valid for KI Ry ASTM criteria,

c

A
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P, (18.9)
x”~ > FINE GRAINED T85I

/_
xPe(16.0) - -

/-
(14.9) N

Tgs*

Fipure 26:

CRACK OPENING DISPLACEMENT —»~

Load-crack opening displacement curves for different
microstructure tested. The steeper linecar slope for
T351 temper is due to short crack length. Pq, the
intersection point of curve and .95 of linear slope,
i3 used for the calculation of KIC value,
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therefore, the minimum thickness requirement for this material was
calculated to 61 mm which seems to be difficult to meet in practice.

Consequently, K, value for T35l temper 1is not strictly the characteristic

c

parameter of material, butrstill has good meaning for the purpose of
comparison with the other tempers. The test results show that the
highest order of fracture toughness is coincident with that of ductility.
In other words, the fracture toughness of material seems to depend on
its ductility, not the yield strength level. In the aspect of grain
size dependence of fracture toughness, the fine grained material shows
superiority to the coarse material. The results of the present study,
however, comprise that the ageing condition is a more- contributing

factor than the grain size difference. It is worth mentioning that the
KIC value of 37.5 MPa-/m for fine grained T851 temper is quite higher
than that of 24.2 MPa-/m for 2024 aluminum, or than that of 30.8 MPa-/m
for 2124 aluminum (42) which is another high purity version of 2024

aluminum but still has high volume percentage of second phase particles

céﬁbaféaméo 2048 aluminum.

3.3.4 Fractography

Examination of sectioned specimens with optical microscopy revealed that
crack propagation was pfedominnntly transgranular in all microstructures.
There werc numerous microbranches left by the running crack until the
transition in closure behavior was rcached but few branches seen on the
post-transition portion, as shown by the optical micrograph provided in

Figure 27. Examination of “fhe fracture surface under low magnification,

or with the naked eve, rcvealed a marked difference, especially distinct
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in the T351 temper condition, between the pre-transition zone in closure,

and the post-transition zone. The pre-transition zone had a very rough

surface, whereas the post-transition fracture surfaces were much smoother.

It was also observed that a number of secondary cracks parallel to the
specimen surface (sﬁ;§n by the scanning‘electron fractograph provided
in Figure 28a) were formed on the post-transition zone. These observa-
tions imply that there could well have been a change in the mode of
crack growth. When the fracture surface was investigated by SEM, no
distinct evidence of mode change could be observed except that the
debris on the fractured surface was gradually decreased along the
transition consistent with the decrease in the deps%gy of microbranches.
A typical view of the fracture surface is shown in Figure 28b. The
label “B" in Figure 28b shows the fragment formed by crushing due to
residual compressive force at the crack tip. Thié fragment loosened
from the fracture surface may significantly contribute to crack closure
which will be discussed in Section V.

I11.- 4. Crack Growth Under Complek Loading: Overload Effects

4.1 Introduction

It has been well known that an intermediate tensile peak overload
applied in a uniform loading test causes the crack growth delay
or retardation. Since many engincering structures are subjected to
complex variable loadings in real scrvice condition, the studv on
mechanism of the crack growth retardation caused by overloads can be

thought as a first step toward understanding more complex phenomena in
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Flgure 28a: Scanning clectron fractograph showing secondary cracks
labelled by "A" parallcl to the specimen surface. The
propagation direction was indicated by the arrow.

! Figure 28b: Tynical scanning electron fractograph of 2048 aluminum
F- showing a fragment labelled by "B". The propapation
L direction was indicated by the arrow.
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crack growth under spectrum loading condition. When the retarding
effect of peak overload on crack growth:is disregarded the prediction

of material fatigue life is usually too conservative (43). For more
accurate predictions of the fatigue life to failure, therefore, retarda-
tion mechanism should b»e not only qualitatively understond, but also
quantitatively modeled.

To date several mechanisms have been advanced in an attempt to
explain the phenomenon of retardation. Among these proposed mechanisms
are compressive residual stresses ahead of a crack tip (44,45), crack
tip geometry with blunting (46), and crack tip closure (5,6). A crack
tip geometry model advocates that high tensile load.cycles cause crack
tip blunting, which in turn causes retardation in fatigue crack growth
at the lower cyclic loads until the crack is resharpened. The residual
stress model suggests that the application of higﬁ tensile overload
forms favorable compressive residual stresses in the vicinity of the
crack tip that reduce the rate of fatigue crack growth. Recently,
the élBS;fe ﬁodéi hés received moré éttention from many researchers
to explain the retardation phenomenon qualitatively and/or qualitatively
(8,34,47,48).

In the present study, the quantitative usefulness of the closure
concept has been tested by correlating the kinetics of crack growth
through overload affected regions in terms of AKeff , first after single
cycle overload and next followiny multiple and periodic overloads. The
results sugpest that the crack tip closure model is of considerable

utilicty in the non-uniform loading historics emploved here, and should
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therefore be considered as a possible quantitative tool for more complex

spectrum loading.
The role of microstructure on retardation effect was also studied
by varying the ageing condition. It tu;ned out that the magnitude of .
retardation following isolated and periodic single cycle overloads was
more pronounced in the underaged microstructure than in peakaged or over-

aged microstructures.

4.2 Experimental

Single and multiple, single c¢ycle, overloads tests were performed
on 25.4 mm and 12.7 mm thickness CT specimens of different microstructures
whose configuration and loading direction are identical to those for
uniform loading test. Single tensile peaks of 100% overload were applied
periodically with programmed intervals to determine their effects on sub-
sequent crack growth and on the closure level. Since it was found through
the study of crack closure under uniform loading that the crack growth
mechanism is predominantly in the opening mode (Mode I) after the crack
cIdéufc"ffénsitién, which will be discussed in detail in the next section,
the overload tests were performed after the fatigue crack had grown into
the post-transition zone. Under this condition, the closure model could
be adopted with less uncertainty to quantify the observed crack growth
retardation behavior f;llowing overload. The crack lengths and the
closure loads were again measurced by the differential compliance
technique explained in Section TIT.2. All the other test variables

were the same as those in the uniform loading tests.
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4.3 Results

4.3.1 Single Cycle Overload

The response of a material to non-uniform loading can be quite
different from its response to uniform loading. For ;his reason a
number of tests weréﬂcarried out for thé purpose of studying specimen
response ta single and multiple, single cycle, overloads. This is
believed to be the first step toward understanding fatigue crack growth
under conditions of spectrum loading.

As an example, Figures 29a-d contain the results of a single cycle
overload on a 12.7 mm thick specimen in the T851*% temper. The uniform
load amplitude was 1.0 kN and at a crack length a =.§9.4 mm the load was
increased to 2.0 kN for one cycle; subsequently the load amplitude was
maintained at the original 1.0 kN level. Figure 29a shows that crack
retardation followed the overload; the solid liné is an extrapolation of
the crack growth rate data based on data compiled from tests involving
only uniform loading, whercas the points are the measured crack lengths.
The two déets of "‘points shown are eﬁpiained by considering the results on
crack tip closure sh;wn in Figures 29b and 21d. Figure 21d shows a set
of typical different compliance curves following a single cycle over-
load. The reversal in slope, especially noticecable after the curve
marked g, indicates ut‘least two crack opening loads - the first where
the record becomes approximately vertical, and the second where it bends
over but again becomes lincar. Two changes in compliance would have
occurred and thus two "opencd" crack lengths observed. This explains

the two crack lenusths indicated by the circles and crosses in Figure 29a.
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Figure 29(d): Crack growth rates vs. &K gg. The closed circles indi-
cate the crack gprowth rates before overload and the open
circles after overload.
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From the above observations, it can be concluded that these two opening
loads, to be callad "lower" and "upper" -opening loads hereafter, resulted
from two different degrees of stretched zones in the wake of a running
crack; the lower one which corresponds to the original opening load re-
sulted from previous-;hiform loading but slightly decreased in magnitude
after overload was applied, and the upper one which corresporids to a true
opening at a new crack tip as the crack grows into the overload affected
region.

The duration of the overload effect is indicated in Figures 29b
and 29¢ in terms of crack length and the number of cycles following the
overload. Once the crack tip bas passed through ;ge'gverload affected
zone both the upper and.the lower opening loads approach the values
which have prevailed in the absence of any overload effect.

In order to see if the observed crack retardacion could be
explained using a AKeff model, Axeff was computed using the upper
opening load to calculate Kopen' Ihg results are shown in Figure 29d.
Here, 'ahd ‘fn Figuires 29a-c, the numbered data points correspond. Except
for the point labeled 4 (shown off scale), there seems to be relatively
good correspondence between the measured da/dN and AKeff computed from
the continually monitored opening loads. Examination of this and
similar meésurements on.chc T351 and T851 tempers strongly suggested
that the closure concept might offer a reasonably good explhnation of
overload retardation in the case of periodic, single cycle, overload.

4.3.2 Periodic Overloads

A periodic single cvele overload test was first conducted on a 25.3%

mm thick specimen in the T351 temper. The uniform load level was 2.2 kN

LU G SR S
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and at a crack length of approximately a = 39.6 mm the load was increased
to 4.4 kN for one cycle; the load was then returned to the uniform 2.2
kN and the overloads were repeated every 5000 cycles. The solid line in
Figure 30a is the crack advance curve predicted from the data shown in
Figure 25 without ov;;loads; overload retardation is evident in the data
where different symbols have been used following each overload. It
should also be noted that even after 5000 cycles the effects of a 100
percent overload have not vanished. It appears to take about 15,000
cycles, or approximately 0.2 mm of growth before the effects of the
overload vanish.

Now the computed width of a "static" plastic zone formed due to
the 100 percent overload was 0.19 mm. This implies that the second and
third overload were applied while the crack was still under the influence
of the first overload. A cumulative overload efféct, therefore, could be
expected for crack growth retardation. This is apparent when the closure
levels were continuously recorded as the crack grew through the overload
affected zones, as sﬁbwn in Figure 30b for both closure leveis of the

lower and upper opening loads. Crack length and AKeff(E K )

-K
max open
were again computed at the upper opening loads. The data show a
transient increase in the clos re levels, with a maximum value of
Popen after about 0.04 mm of crack growth. The closure level remains
high (i.e., above the pre-overload valuc) even after 5000 cycles where
another overload was applied. 1In this case, there has indeed been a

cumulative effect of the consecutive overloads. This can also be seen

by the gradually rising peaks in closurc loads following each overload.
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A different type of a multiple overload test was conducted on a

25.4 mm thick specimen in the T851%, slightly overaged temper. In this

case, the consecutive overloads were applied after the crack had fully

grown out of the plastic zone formed by the previous overload. Retarda-
tion is much less pronounced than for the T351 temper, as shown in

Figure 3la.. The maximum uniform load was again 2.2 kN with 100 percent
overloads applied where indicated. After 4000 cycles (or 0.1 mm of

crack growth) the crack growth rate appears to have returned to its pre-

overload value whereas for the T351 temper a much greater amount of crack

growth would be required to eliminzte the effectsvof the overload. The
computed plastic zone width was also 0.1 mm which agrees well with the
observed value for the overload affected zone. The closure levels for
this specimen are shown in Figure 31b. After 13,000 cycles the opening
load has indeed returned to the pre-overload valué and there was no
cumulative increase in the peak value. In this case of an "isolated"
overload, the resulis show little observable influence of one overload
oﬁ"sdbééﬁﬁént‘ov;rlééds.

As a third example, we take a case where multiple overloads with

smaller intervals, viz., 3000 cycles, were applied on a specimen with a

T851 temper. The effects of the first overload appeared to disa:pear

after around 3000 cycles (or after 0.15 mm of crack growth which is

) 2

again the plastic zone width) and yet subsequent overloads had a notably
cumuliative effect on retardat.on, as shown in Figure 32a. Compared with
the T351 and T851% tempers, althouph the T851 temper has the highest

crack growth rates, as shown in Figure 25 in the first overload affected

Y
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zone, the accumulated overload effect is so pronounced that the rate of
crack advance became the lowest following the consecutive overloads.

The decreasing growth rates are shown in Figure 32b on a magnified scale
where each curve starts at a position on the crack lquyhvaxis which .
corresponds to the ‘crack iéﬁgth 1mmedi;te1y following the overload
itself. The genéfal reduction in the slopes of successive curves
indicates a compounding overload retardation effect. Figure 32c shows
the closure levels and again, the cumulative nature of each overload
can be explained bg the increasing closure loads.

A further comparison of overload retardation in the three tempers
is shown in Figure 33. The three curves shown g;é fg; multiple over-
load testé with overlo;d inte;vals of 5000 cycles for the T351 and
T851* tempers, and 3000 cycles for the T851 temper. It i, important
to note that the initial overloads were applied at different initial
crack lengths; the crack lengths, and therefore thé maximum applied
stress intensities, were highest for the T351 temper. Nevertheless,
the rate:of crack advan;e appears lowest for the T351 temper whiqh_
illustrates that iﬁ éhis alloy, under the present conditioms of testing,
retardation was more pronounced for this temper.

Figure 34 shows three correlations of crack growth rate through
overload affected regi;ns in terms of an effective stress intensity

range, AKeff , where Kopen was computed using the upper opening loads _
as described before which presumably correspond to fully opened cracks.
In all cases the correlations appear quite good. The solid lines on

each plot are based upon da/dN data obtained from tests employing uniform

load amplitudes.

.’ ‘. D N A L U S
P RSN P T ¥ B

LS T S )

° -

N




o
-

iy “
. d .
i SR AT v

N

APl S S ]

. Rk ¥

C

Sad ket
FYATS RN

AT PO

i 2

PR S e

CA AR el CIA R

2B N R

- 94 -

*a3dwal 1¢81 Y3l 103
83724 oocn pue siaduwdl ]Gl Pue 1SEL 3Y3 103 S$ATIAD Q0SS 318 STPAIIIUT PEOTIAAQ
+g1adwol 99143 Y3 10J SPROYIA0 ITAFITNE I9IJ¥ UOTILPIPIIL PROTIIA0 JO Uostaedwo) :gg dandp4

(S3710A201I%) N

oy of 2¢ 82 b2 o2 9| 2l 8 0
T T ; ¥ T T T T T ]
. Jose
; ..Qo
Yig a aaat asa maoTETE 1% o
Yyly o A w
pig = N 406 o
t pug: v oooao..«F X
Is| e a «1G8 L e -
. N m
. P .ummm 2
mhnnn_unnnnm oo otec? @ o° ]
‘oo WA o oo s s e T B
go. 4 9°° Isg L H4oov 3
o P A 3
n] . ~
o | . Hgov
3 401p
a H

AROIIRINAE: Wil 0 25 X 2. ok o> >

o, NE T
N PR S
PSR WD S Wiy A S |




........................

...........

- 95 .

4y e e

Figure 34:

e |st OVERLOAD
30 a 2 nd "
* 3rd "
o 4th " .
20 I 5th " i[
- 'V/
A . ’
r - o o
A / °
. H v
ol T35/ Tesi  _/
~ 8F / "/,
T - a / //
2 6 |- /’
(&)
5t af
) ]
E 4 r *A." J’
° ] J -
o 3 j‘ /
~ ' A
!
z | : 4
o 2 a¥ A
© ’ll O? v
i o
I' %V*D
o /v
o F o Iy
! | =l
o /
osl & /3
0.6 — 5? / ®
N v
] ] .
. 0'4_4/*@‘14 L1 1 11 11 L 1 11
253 4 56 253 4 56 78 4 56 78

AKeis (MPa-./m)

Crack growtllt data after each overload for three different
tenpers In terms of AKaff. The straight lines on each
plot are hased upon Figure 25, which shows the results
from uniform load amplitude.

B T W P PR PR AL ETR IS AN BN 2T T T S S

3 x e
PR Y S

LI IR L I I I LI o v te BRI
F B e W . P I WD L A W R I S S P, R I

.....
................
..........................................




-96- .

4.3.3 Fractography

A scanning electron fractograph of the overloaded region is shown
in Figure 35. This qhows an identical fracture morphology before and
after the overload except in the plastically strecched_oyerloaded zone.
The stretched band ig.figufe 35 was for;ed Sy a single cycle overload
at a high Kmhx vaiue and shows dimple rupture around the inclusion
particles. In fact, the width of this band which has been known to be
related to the fracture toughness of the material (49), primarily
depends on the stress intensity level at overload; high Kmax causes
the crack jump and big dimple rupture band whereas low Kmax results in
the fine striations of stretched band. It should Se noted at this point
that these“ine striations from overloads are completely different from

the ductile striations formed typically during stage II crack growth as
shown in Section II. 3.

Figures 36a-c show the fracture surfaces of three different
microstructures subjected to period}g, single cycle 100 percent over-
loads.~ Thee posftions of the crack fronts at the points where overloads
were applied show up as fine striations as explained above. As a guide
to their locations, a few of these have been indicated in the photo-
graphs. These figures may be used as a further means of appreciating
the accuracy and sensitivity of differential compliance technique used
for measuring crack lengths and crack length changes. The crack growth
increments between the periodic overloads were measured under the SEM
fractograph and these measurements were directly compared with the

calculated crack growth increments detected from the differential

............
...................
...........................................
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2048 aluminum. The propagation direction was indicated
by the arrow. '
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', &%‘%&—-—-th OVERLOAD
¥ id ';:q!——sth OVERLOAD
el AN e R P "L —— 4th OVERLOAD
‘f L ~ S . '.. ) / A

T RN e SN 314 OVERLOAD
TN i g _*?("-J;f\’j{\" 3.

De? &7 'ﬁ J—— 2nd OVERLOAD
RN Lok R 7 f ‘u\\_":"‘ LU

A _»J,_S Ist OVERLOAD

CRACK LENGTH CHANGES BETWEEN OVERLOADS

MEASUREMENT
FRACTOGRAPH  BY DIFF.COMP.
TECH.

AFTER Ist O.L. 0.144 mm 0.142 mm
AFTER 2nd O.L. . 0.i13 mm 0.1 mm
AFTER 3rd O.L. 0.100 mm . 0.099 mm
AFTER 4th O.L. 0.091 mm 0.093 mm
AFTER 5th O.L. 0.095 mm 0.097 mm
TOTAL 0.543 mm 0.542 mm

(a)
Figure 36: SEM fractographs after periodic overloads.
(a) T85]1 temper subjected to eight overloads. The first

five overloads arc indicated as a guide to their lo-
cation.
(b) T851* temper (c) T351 temper

The comparison of computed and measured crack length
changes establishes the accuracy of the differential
compliance technique.
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Figure 36(c)
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change in compliance. The comparison results, listed in each figure
separately, show indeed very good correlations which can be taken as
evidence of both the accuracy and sensitivity of the differential com-

pliance technique employed here.

II11. 5. Discussion

Ip tﬁ; present research program, both the low cycle f;tigue (LCF)
resistance for smqoth, uniaxial tensile specimens and fatigue crack
growth rate (da/dﬁ) from plane strain compact tension specimens
under both uniform loading and complex loading have been
studied with different microstructures obtained by varying the ageing
heat-treatment. When the fatigue properties of different microstructures
are evaluated, both approaches must be considered as the former primarily
deals with fatigue crack initiation while the latter is obviously con-
cerned with crack propagation. Cyclic stress-strain properties obtained
from incremental strain step tests are also incorporated to further
understand ggfigue_g;nck growth bebavior.

Since the basic fracture mode in all aluminum alloys is dimpled
rupture characterized by particle or particle-interface fracture, void
growth and coalescence, tﬁe nature, distribution and size of precipi-
tates and/or second phase inclusions are all important in both fatigue

i

initiacion‘and propagation as well. .

S.1 Microstructure Characteristics

Second phase particles in high-strengch .luminum alloys can be
categorized into three kinds of microe* uctursal features such as con-

stituents, dispersoid and hardening precipitates according to the way
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in which they form (50). The constituent particles, which are large
(> lum) and form by eutectic decomposition during ingot solidification
and cannot be taken into solid solution during fabrication, are either
insolubles such as éfJCung,.MgZSi or (?e,Mn)Az6 or relatively soluble ...
G(Cquz) or S(AEZCuMg). The second grouping of particles (0.03-0.5 um)
are dispersoids such as AllZMgZCr or AlzoCuzMn, which form b& solid
state precipitation and, once formed, cannot be dissolved. The dis-

persoids seem to have dual, but contradictory roles; they suppress

recrystallization or limit the growth of grains, favoring the trans-

K granular mode of fracture associated with the highest energy absorption,
but also nucleate microvoids by decohesion at the matrix interface,

leading to the formation of void sheets between larger voids (51). The

R, - gt

third and finest set of particles (~0.01 um) which seem important in the

fracture process is the age-hardening precipitaté; of major alloying

i elements (GP zones) which impede dislocation movement, and lead to the
optimum combinations of strength and toughness. It was reported that

s thEy’cSﬁEfibﬁte.io-ﬁigh faﬁigue liéiés (50).

For the application of the above concepts, 2048 aluminum has been

~Xa avars

s 4

developed for high toughness without sacrificing the other mechanical

properties. The principal contribution to the high toughness was the

substantial reduction in Fe and Si contents, minimizing the relatively

et BB vkttt

large insoluble constituents that crack first and initiate void growth,
and reduction in the Cu content below that in 2024 or 2124, permitting
completc dissolution of second phase to decrease the brittle insoluble

constituent particles of § (AQZCuMg).
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l Y The microstructures studied in this research program consist of

2 different kinds of precipitates from various ageing conditions and can

be described as follows. The underaged condition (corresponding to

LRE 0N o B
- .
wts

commercial tempers like T351) contains the small, shearable, coherent

GP II zones. Strengthening mechanism of.these microstructures is

LIRS

T3

described by'precipitation hardening in that the precipitates impose

a friction ‘stress on the dislocation movement by interaction with their

k™~ eI
)

coherency stress fields, and by the creation of anti-phase boundaries

|
)
o
>
¥

!

;

.
r-'

within the ordered precipitates through dislocation cutting. The

peakaged (corresponding to commercial tempers such as T&51) and
slightly overaged (designated as T851% here) conditions comprise of

large, nonshearable, inéoherent S' (Af,CuMg) and coar-- GP II zonmes.

2
Their monotonic hardening mechanism is the so-called Orowan (52)
bowing mechanism, by which dislocations pass betwéen the widely spaced
precipitates leaving a dislocation loop around each particle as the
dislocation lipe advances. This dislocation loop exerts the back stress
tQ.the .next following-dislocations,:iAducing the subsequent dislocation
movement to be diffiéult. Consequently, the coherent and closely épaced
precipitates will be sheared by moving dislocation because of high bowing
stress, whereas the incoherent and widely spaced precipitates will be

- encompasscﬁ by dislocation loops left behind running dislocations due

to low bowing stress and their non-shearability.

5.2 Monotonic and Cyclic Deformation Response

The steady state cyclic deformation resistance of metal is conven-

iently described by the cyclic stress-strain curve. 1In order to determine
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the cyclic stress-strain response of each microstructure, the incremental

BV

Lok St aut e o

strain-step technique was employed here among others, such as reversed

. .
ST AT

strain cycling tests, on a number of companion specimens under constant
strain amplitude condition (;0); the st;ain_amplitude changes with a set

of several fixed amplitudes, the multiple step test (53) and complex

varying strain test (54). Although the cyclic properties can be influenced

by test methods and the differences in the results of different procedures
has been reported (53,54), it was well regarded that all the methods

yield approximately coincident results. An important advantage of this
incremental step test is that directly coaparable ponotonic and cyclic

stress-strain curves are developed by testing a single specimen quickly

and economically. In addition, the cyclic stress-strain curve generated

from this test may provide the most reasonable estimate of cyclic stress-
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strain response for variable amplitude loading conditions that are
generally encountered in engineering design applications (55).
In A%-Cu system the decrease in_ tensile-test elongation values

ddiing'aéfiy'étages.ﬁf age{ng treatment is slight, whereas at about the

T

point of maximum hardness or slight overageing a sharp drop in ductility
values is observed. As shown in Table III of Section II, the ductility
of the T851* temper is close to that of the T851 temper, while it shouws

only half the value of the T351 temper. This reduction of ductility

D 'Jrﬂ'._-—vuzv DALY { ‘?

seems to correspond to a. very heavy and almost continuous grain-boundary
precipitation of brittle S'(A2CuMg). The results also show the

dependence of ductility on.grain size. The reduction of ductility with

T -d oo

increasing grain size can be attributed to the fact that the larger grain
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sizes lead to longer slip lengths, more intense dislocation pile-ups with
greater stress concentrations at grain boundaries which result in tensile

cracks.
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Monotonic work hardening rapacity, indicated by the strain hlrdening

exponent, n , is highest in the T351 temper and lowest in the T851
temper, which is brobably due to the difference between small, coherent
!( GP II zones of the T351 temper and large, non-shearable, incoherent S'
of the T851 temper. It also appears to be dependent on the inherent
étrength levels of microstructure in that the softer material shows
. high work hardening rate. In cyclic deformation response, these
properties are reversed; the T351 temper shows ;qns}fgent cyelic

hardening and the lowest cyclic hardening exponent, n'. The T851

and T851%* teméers show consistent cyclic softening and higher cyclic
hardening exponents. In all cases, however, the cyclic strain hardening
exponent increases considerably compared to the monotonic hardening
exponent. The monotonic hardening exponent strongly depends, again, on
grain size in that'the'coarse graiéeé microstructure shows almost double
the value of fine gr;ined one, which is consistent with the resuiis of
Thompson (57) for copper polycrystal. After cyclic deformation, though,
the cyclic hardening exponents of these two different grain size micro-

structures become very close.

There is a general trend that metals with high monotonic strain
hardening exponents can be expected to cyclically harden, while those

with low monotonic exponunts can be expected to soften (17). It was

|

also reported that metals with an ultimate tensile strength to yield

—ry T L. . V. . %
v

e A - v B P L e R S
Losind s et et Yadt § L Al ~Sadi R AR A A R T A .
..'_i.“..“.‘\"-.m-‘h\ (O DA AR R N A A R A R N




KT I YA i M LI TR I N A A R N e

IR CRh g sy St J e T T WA S T TR TN, TS T N Wy W, . g 4
e ® - I‘ """" - - '.»'k'l'.'h‘~"."’_"-‘ ‘&"-‘-.L.- - \..IIA"-..‘,.- “.\ ~-'

- 106 - -

strength ratio (au/oy) greater than 1.4 (implying a high monotonic
hardening exponent) cyclically harden, while those with a ratio less
than 1.2 (implying a low exponent) cyclically soften (58). These

- observations are consistent with the present result in_tbat’the '
T351 temper showing Slgh n ind ou/oy = 1,27 cyclically hardens, and the

T851 and T85]1* tempers showing low n and au/oy = 1.10 cyclicdally softens. 4

The degree of hardening/softening depends on the applied strain am-
plitude; at the 0.4% of total strain amplitude the stress variations of
all microstructures studied are nearly flat up to final failure, so that
they do not show any clear hardening or softening.l It was observed in
pure A%-Cu binary systen (59) that cyclic hardening followed by softening
occurred at large and intermediate strains, while at low strains soften-
ing did not occur. It should also be pointed out that 0.4% of total
strain amplitude belongs to the elastic deformatién region of the

monotonic stress-strain curve for all microstructures, as shown in
!! Figure 5. Nevertheless, the specimens did fail implying that the micro-
séopic deformation i;llocalized andmaécumulated at weak zones of material
leading to final failure.

Calabrese and Laird (1,60) observed in a pure AfL-Cu binary system

. ~1J.‘.'-

cyclic hardening followed by softening for coherent precipitates of GPI

and GPII (0") zones and cyclic saturation for incoherent 8' (CuAtz)

In the former case, they explained that cyclic hardening 1nitia11y occurs
because of interaction of dislocation-coherency stress field from precipi-

tates and accumulation of dislocations and then softening follows when

BRIV N N e e e e e T e Tt L et s e - o . . i
A A N Y A A P A A AR R P S P P e ot T N et S A AP




g " B X K} TR AR N T O TR T T TR TR ATV T e T e m T v
ALUCEMOC A T B R ORCNPOL AT S T P e i e o W T A S S M SN AR N PR A R O e S -.1

- - 107 - {

i“
L

AJ

]
o
>
]

oy
AL

the to and fro motion of dislocation scrambles the atoms in the precipi-

S R &
)

Bt

tates so as to remove the ordering compoment of hardening. Laird et al.
(56) further showed in A%-Ag alloy that the precipitates should be in

ordered state for softening by disordering to occur.

2 o _
8 In the commercial 2048 aluminum studied here, though, the T351

; temper containing only coherent precipitates shows continuous cyclic
qf hardening until final fracture over the entire strain range tested.

; Keeping in mind that commercial alloys have not only coherent GP zones

but a considerable amount of both incoherent, non-shearable dispersoids
and constituents as explained previously, the distribution of second

? phase particles can be regarded as an effective fgctor in preventing

cyclic softening. Theée results are consistent with the results of Endo
and Morrow (61), and Fine and Santner (59) who also observed continuous
cyclic hardening in 2024-T4 commercial aluminum. :

On the other hand, both the T851 temper and the T851* temper show

continuous cyeclic softening until f;ngl failure. It should be pointed

o4t that these t;mpé}é showed double inflection points on their

i . hysteresis loop during the initial cycles reflecting the large influence

of internal stress hardening (24) due to non-shearable, elastic dispersed

a2

ey

precipitates of S'. It was reported that the dispersion hardened system

of pure alloys showed clear saturation following either initial

Y PN

hardening for A%-Cu binary system (60) or imitial softeniné for

AL-Cu-Mg ternary system (24). The fact that the commercial alloy of
dispersion hardened system showed a gradual cyclic softening, again,

emphasizes the role of the other second phase particles such as




' \Y "] 3 v - e W BT R S - e e Padiitadnirs praiiien Bl
:Eu““.ﬂ‘!}....j_;,l‘:\ AT i S Y e, Mal v g e MM S N AE AP AT AR A DR NERRR .t B

- 108 -

constituents and dispersoids in cyclic deformation. The details of the
softening process, however, are as yet unclear.

5.3 Fatigue Life and Crack Initiation

Since the moscigecis;ve parameter of the fatigue process is the |
cyclic plastic str;in which is a necessary prerequisite for the existence
of fatigue (26), the Coffin-Manson relation for plastic strain, Aep/Z -
e'f(ZNf)c , is widely adopted for determining fatigue resistance.

In the present LCF testing, two kinds of strain control tests were
employed and compared: total strain control and plastic strain control.
When the total strain amplitudes are maintained cqnstant through the
test, the plastic strain amplitudes will change depending on the cyclic
hardening or softening behavior. Because of simplicity and ease
nevertheless, total strain controlled has been still the majority of LCF
experiment reported in which the plastic strain é;plitude was determined
conventionally by corresponding value at saturation point, or at half

life (Nf/2) point if no saturatcion..

) Agﬁgioﬁﬁ i; F;gﬁre 16, in the élastic strain range tested (< 1),
considerable difference was observed between the results obtained from these
two different tests. The difference was pronounced, in particular, for
the T351 temper and in the low plastic strain range, in that the fatigue

life determined from total strain control was poor compared to that from
plastic strain control. . Departure from the log-log linear relations
reported elsewhere (28,61,62,63) was observed in the plot from the total

strain control test, but not in the plot from the plastic strain control

test. Sometimes, the departure from linearity was attributed to environmental




effects or different deformation mechanisms in low strain and high strain
regimes (40). It should be noted, as mentioned before, that those results
were obtained from total strain control test. From the above observation,

it can be concluded that the plastic strain control test which compensates _

automatically for the plastic strain variation due to cyclic hardening or
softening does show a more accurate Coffin-Manson relation rebresenting
fatigue resistance.

The fatigue life plotted from the plastic strain control test does
not show any appreciable differences between different tempers tested when
account is taken of the experimental scatter band ﬂsee Figure 12). Also,
both the fracture ductility coefficient, €¢ » and the_ fatigue ductility
exponent, ¢ , which have been regarded as parameters indicative of fatigue
resistance do not show any systematic relations between different tempers
(refer to Table III). )

Fatigue crack initiation during cyclic deformation generally occurs

in regions where strain has become localized such as in a slip band, at

s e

iﬁéiuéigﬁ;, df a; gf;in bouhdaries. It was suggested that overall
hardening/softening may occur prior to strain localization but is gener-
ally not critical to the initiation of fatigue cracks (64). The most
intriguing aspect of the crack initiation process relates to the genera-
tion of the nucleation sites. Although strains under monotonic loading
produce surface offsets that resemble a staircase morpholoéf. cyclic
strains produce sharp peaks (extrusions) and troughs (intrusions) (65,66)

resulting from non-reversible slip. These surface uphcavals represent

the frec surface terminations of dense bands of highly localized slip,
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which are called "persistent slip band" (PSB) due to the fact that they
persist more or less unchanged throughoﬁt the major part of a low strain
amplitude fatigue test, and that they persist after the surface of a

specimen is electropolished and re-~strained.

On the other hand, high-strength alloys in which slip is normally
difficult are subject to crack initiation at inclusions in the form of
impurities, undissolved second phase, and precipitate hardened particles.
In 2024-T4 commercial aluminum, Grosskreutz and Shaw (67) observed that
crack nucleation occurs at the interface between a surface impurity
inclusion and the alloy matrix, and further proposed the interfacial
debonding mechanism for producing cracks. They also_showed that cracked
constituent particles ;ither formed during processing or during fatigue
loading did not initiate fatigue cracks in the matrix.

Kung and Fine (68) recently reported the céﬁbined view of crack
initiation in 2024-T4 aluminum and 2124-T4 which.is a high purity version
of 2024. They found that at high stresses fatigue cracks were initiated on
doarse siip bands Qﬁ?le at low stresses crack initiations were favored
at constituent particles.

Even though a systematic investigation of fatigue crack initiation
has not been performed in this LCF test program, the fracture surface
observatian of LCT tes; specimens revealed that the T351 temper favors
coarse slip bands as crack initiation sites, whereas the f851 and
T851* tempers scem to favor large sccond phase particles as crack

initiation sites. During cyclic deformation, slip lines were readily

scen on clectropolished specimen surfaces under an optical telescope of

................
.......................................................
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low magnification (X40) and cracks were observed to mucleate om the
heavily deformed slip line. This observation can be explained by noting
that the T351 temper is more prone to localized shearing.

The EDAX analysis of the second phase particles conprising the )
fatigue crack nucleation sites, as shown by the fractographs in Section
11, frequengly showed peaks characteristic of non-metallic constituents.
This implies that these second phase particles were attacked leaving
pits or debonded from matrix during the electropolishing process. These
electropolishing pits or debonded interfaces have the effece of stress
concentrators, hence could be more effective in assisting the fatigue
crack initiation.

Consequencly, it can be ;uggested tﬁat the fatigue crack is initiated
more easily at the second phase particles or etch pits within the slip

band where the dislocation slip motion can be impinged or blocked.

5.4 Crack Closure and Fatigue Crack Growth Under Uniform Loading

Through the fatigue growth behavior investigation, a highly sensi-
tive and-accurate diffeeential compiience technique has been used to
measure fatigue craci growth rates and to determine. crack tip closete loads,
especialiy under plane strain conditions. It should be pointed out that
the compliance technique described here represents the purely mechanical
crack and bpovides a through-thickness measurement which is a critical
point in interpreting plaune strain phenomena. For ductile materials,
such as 2048 or 2024 aluminum, for example, it has been repeatedly
observed that cracks lag behind on the free surfaces of compact tension
specimens even after proper stress rclief, as explained in Section

I1I, is performed. Therefore, surface measurement techniques such as
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optical microscopy or strain gauges glued ah;ad of the crack would, in
the case of our experiments on 25.4 mm thick specimens, give an inaccur-
ate description of crack length and crack growth rates. Also, the
differential compliance technique employed here has beep.shovn to be very )
accurate by compariség-of tﬁe calculated-crack lengths with the directly
observed values un&ét fractography as discussed earlier (see Figure 36).
At this point, it is worth mentioning several other methods to
measure crack closure proposed in the literature. Some of them can be
briefly evaluated as follows (69): [1] Electrical potential method -
This method was developed for automatic crack length measurement. It is
possible to use this method, b?: difficul;ies may ét}gg due to electrical
short circuits over thé crack, for example, at the shear lips or some
other minor asperities left on the fracture surface. Further, a mechanically
open crack is not the same as an eleatrically opeﬁ crack. [2] Ultrasonic'
transmission of surface waves through the crack limne - Transmission 1is
possible if the crack 1; closed. qugver, acoustic short circuiting is
possiblé.” ‘Again, a mechanically open crack is not the same as an
"acoustically" open crack. [3] Strain gages on the surface near the
crack - Indications of non-linear behavior are obtained, but interpreta-
tion problems occur. This technique mostly detects the closure effect
on the surface, which i; in plane stress.
It has been found experimentally that the fatigue crack growth
rate is much influenced by loading history. Since this effect can be
explained in terms of crack closure, a good deal of attention in this

research was paid to the measurement of crack tip closure and to the
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attempt to correlate closure, through the notion of an effective stress
intensity range, AKeff , with crack growth rates, da/dN, quantitatively.
As the previous discussion of results has indicated, a reasonably good
correlation does exist for gimple loading histories. ?hg closure mode} s
also seemed to proviE; an #ccurate description of overload retardation
effects in that wﬂen the increased opening loads due to the .d9verload
affected region were used to define Al(eff the da/dN versus AKeff rela-
tionship obtained was in very good agreement with that obta;ned using
uniform loading histories.

The phenomenology of crack closure is, as shown in Figure 24 of
Section III, rather complex aqd depends upon both:mgg;psttucture and
stress intensity rangé. An abrupt decrease in opening load occurs
suddenly at a certain range of Kmax and gives rise to an apparent transi- '
tion in crack tip closure. McEvily (10) claimed'ihat the difference in
compliance of the various specimens may have contributed to the differ-
ence in closure levels observed on the post-tramsition part. In the present
study, ‘houever, the results contained in Table IV along with the
reversibility of transition effect demonstrated show that this transition
was not simply related to crack length (a/w) or overall specimen com-
pliance (including geometry) but was related to the attainment of a
critical K;ax level, a£ least when the stress ratio R (-Lmin/Lmax) is
less than 0.20. )

The magnitude of the crack opening loads scemed to be associated

with the mode of crack advance. It was suggested (10) that crack growth

is characterized by Mode II (shearing mode) at low AK followed by
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predominantly Mode I (opening mode) growth at high AK. Fractographic
evidence changes with AK level which is-consistent with this notion has
been presented by Santner and Fine (2) for crack growth in both aluminum
3.6 wt percent copper alloys and naturally aged aluminyq. Recently,
Otsuka et al. (14) ﬁ;;e alés ascetcain;é by fractographic analysis that
crack growth in tﬁe near threshold region occurs by a Mode II process
rather than by a Mode I process, showing faceted fracture surface around
the threshold region in low carbon steel. Furthermore, Hormbogen and
Gahr (70) have shown that in iron-nickel-aluminum alloys, aged to contain
coherent preciritates, fatigue crack occurs in a shearing mode (their
"slip band decohesion'") at low AK. At low AK the:ffiqcuré surfaces are
characterized by shearing fracture of considerable zig-~zag deviations

of the fatigue crack from the plane normal to the stressing axis, and
hence a very rough topography whereas after the transition the surfaces
are much smoother.

Shearing modes lead to a rough fracture surface topography which
in-turn would lead f§ the large Koé;glxmax displayed in Figure 24 fnd
thus possibly a reduced crack growth rate. One uncertainty in applying
the crack closure model in this case is of course that full opening of
the crack is unnecessary for growth in the shear mode. However, with the
above menéioned evidenée for fracture mode transition and grain size
in mind the computed plastic zone sizes ahead of the crack at the Kmax
closure transition level were compared with the measured grain widths

under optical microscopy. _Table IV shows some details on nine typical

tescs on both 1 inch and 1/2 inch thick specimens and there the plastic
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zone sizes were computed as the maximum extent of a monotonic zone at
K= Kmax . The comparison is certainly'; favorable one within a small
sScatter range. Now in a related study Irving .et al. (12,71) noted
similar transitions in fracture topology in structural. titanium alloys
and there they attempted to correlate the onset of this fractographic
transition with tﬁe attainment of a reversed plastic zone size (cf. Ref.
(72)) comparable to the grain size. The correlation in our results,
however, strongly éuggests that the transition occurs when the computed
monotonic plastic zone size extends fully over at least one grain, and
once this happens the fracture mode chauges from shearing mode to
opening mode. The above results are also in good. agreement with those
of Paris and Hermann (7) who studied crack growth and crack tip closure
of 2024 aluminum. It is important to note that the present context,
grain size should be interpreted as grain width.

The above obser§ation can also explain why the coarse grain struc-

tures led to higher closure loads and lower growth rates than the fine

grain ;E;h;tares iﬁ';n intérmediace AK range. Recently, Louwaard (15)
has reported an interesting example of slip induced closure effects on
a 7075 aluminum alloy. The alloys with a large grain size displayed a
"slip band cracking" fracture mode within the grains which lead to high

closure levels and low values of crack growth rate, especially in vacuum.
Here again, the high closurc is presumably related to the rough fracture
topology accompanied by frequent and intensive crack branching. A similar

behavior was not observed in fine grained material. While it may be that

large grains impose less restraints on grain matrix shearing, there are a
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number of observations which suggest that the slip properties are also
very important in determining if 1ocaliiéd shear will occur. Asaro (4)
showed that small coherent or even semi-coherent precipitates or zones

are more conducive to sheatlinstabilitigs and plastic strain localization
than large incohegent precipitates. Hornbogen and Graf (16) also found
that localized shearing, slip-band fracture and reduced crack growth 4
rates occurred in sheets of underaged iron-nickel-aluminum alloys. These
were not grain size effects, but were clearly related to the precipitate
size and degree of coherency. Localized shearing and slip band cracking
did not occur in overaged alloys. Consequently at low Kmax levels, i.e.
below the transition ig Kopen[Kmax , the crack front seemed to undergo
pronounced out-of-shearing which led to the rough fracture surface
topology. These behaviors are generally favored by coarse grain size,
underaged microstructures, and inert environmentél Also, as pointed out
in earlier reports (73,74), all three of these factors favor non-uniform
plastic deformation by localized shearing within the grain matrices. We

béfiévévéhﬁt'fheﬂlafgé cloéure loads in the pre-transition region are,

in fact, primarily due to the "residual cracking" of the asperities left

on the fracture surface which are shown in Figure 28b in the intermediate

wake of the crack tip. At large values of Kmax the fracture surfaces

are decidedly smoother and the value of the opening load (along with

"1, -
7. o R
- Kopen/kmax) decrecases. Another observation of several microbranches

. on the cross-sectional surface of the crack before the transition also

R gives good evidence that crack growth by a shearing mode is operative

;3 in the pre-transition zone, and explains the low growth rate at low 4K.
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However, few branches were observed in the post-transition zone where
the crack grows by a tensile mode. 1In this point, Priddle (75) has
ascertained that the crack deviations on shear plames and crack
branching in coarse grain mgterials imply a departure from the homo-
geneous isotropic mo;orial which is assumed for a correct analysis and
treatment of the fesults by fracture mechanics theory. The .track devia-
tion from the plane of maximum tensile stress leads to a reduction in KI
and increase in Kii stress intensity components (76). This reasoning may
explain the poor relation between da/dN and AK or AKeff in the pre-
transition zone, as shown in Figure 25.

It was shown in an earl?er report (40) that 2048 aluminum showed
superior fatigue resistance to the 2024 aluminum in the higher AK range
(opening mode) but slightly inferior properties in the lower AK range
(shear mode). This observation is consistent with that of El-Soudani

and Pelloux (8l1) who found that improvement in resistance to fatigue crack

growth with lower inclusion contents are observed only in the high AK

range For ‘7075 aluminum. Purther, Munz et al. (77) found during the

fatigue initiation test that the distribution of the dislocations was

B uniform in the commercial 2024 aluminum whereas the pure alloy X-2024

; (presumably close to 2048 here) showed an inhomogeneous d1stribution

E ’ of dislocations which were arranged in narrow deformation bands. Along

f’- with above observations, it can be concluded that when the_shearing mode
; is predominantly active, the second phase particles due to impurity can

E serve as an obhstacle for dislocation glide. On the other hand, when the

opening mode is dominant, those particles caun cause the formation of voids
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by tearing along the interfaces between the matrix and those particles.
The above arguments can be given as indirect evidence of mode transi-

tion, but further investigations are required.

5.5 Fracture Toughness
The plane str;In toughness test results show that the T351 temper

is toughest.among others. Also, the K., value of 37.5 MPa-vm for the

IC
fine grained T851 temper is comparable to literature value of 38.5 MPa-vm
(42), so that the validity of our test can be justified. It should be
noted that these values are obtained from the specimens of longitudinal
transverse (L-T) orientation. Yahn and Rosenfield (78) suggested that

in commercial aluminum the fracture toughness depénds on [a] the extent
of the heavily strained regio; ahead of the crack tip which is a function
of yield strength and modulus, [b] the size of the ligaments which are
related to the volume fraction of cracked particies, and [c] the work of
rupturing the ligaments. While they (78) suggested fracture toughness
dependence on yielding strength, the results here show that toughness
strongly ‘depends onductility of materials. The fine grained T851

temper shows higher-ductility and thus higher KIC value than the coarse
grain T851 or T851* tempers (see Table III), even though the former had

a higher yield strength., Aside from the grain size effect, the coarse

grain T851 temper shows higher K__. value than the coarse grain T851%*

IC
temper, again duec to its higher ductility.
With respect to precipitates characteristics, the particle-matrix

interface of non-coherent second phase particles may be sufficiently

weak that cavity formation begins as soon as the matrix begins to deform.




e S ARG NS yali

vy
(

-7

e S MR

TP T

A}

g

i, }

¥R e )

raes o e e T ET g e T m T W L T -
TR T e . L e e - . - LRSS EPLSP SE
Il gl St S, Py, S i it et S N IO DN SR RIS S IR JPAL JENR B e e e I T e et .{

- 119 -

With respect to the particle size, it is general observation that the

larger particles fracture at lower plasfic strains than small particles.
The dislocation model suggests (79) that up to some limiting size, screw
dislocation blocked by a pa;ticle may ngs; slip around the particle by
jogging, but that bé;;ﬁd tﬁis limiting size, cross slipping becomes

impossible and diélocations may pile up at the particle, creating high
local stresses across the particle-matrix interface sufficient to cause

separation.

5.6 Overload Retardation and Crack Growth Under Complex Loading

As a first step toward understanding fatigue crack growth under
spectrum loading, as encounteyed in real service conditions, overload
retardation and load iﬁteraction effects were studied by applying a
single cycle, and periodic single cycle overloads. Throughout the test,
only the 100 percent overloads were applied to coﬁpare the magnitude of
retardation effects between the different tempers studied. Recently, a
number of different observations on retardation phenomena due to various
faétors have been reported and summarized by Corbly and Packman (80).

All three tempers showed considerable amount of crack retardation
following overload although the magnitude was greatest in the T35l temper.
The phenomenology of closure, following even simple overloads though, is
quite comﬁlicated. As.shown in Figures 21 and 29b, c, there are two
distinct opening loads after the overload applied. The 1o§et opening
load is usually of lesser magnitude than that prevailing just prior to

the overload, whercas the upper opening load is considerably larger.

The latter goes through a transient increase followed by a continuous
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decrease to the level existing before the overload. When this upper

opening load is used to compute Kopen and AKeff » the results shown

in Figure 29d are obtained. Therefore, it can be concluded that the

retardation phenomenon is accounted for quantitatively_qsing the idea
of crack tip closuré;.at leaét for singie c&cle overloads.

Overload effects were cumulative in that when subsequent overloads
were applied before the crack had fully grown out of the overload affected
zone both the closure loads and the magnitude of retardation increased.
The extent of this overload affected zone appeared to correlate well with
the computed "static" plastic zone size. For thz case of "isolated"
periodic overload, the interaction effects becwgeﬁ Fﬁg subsequent over-
loads were not observed. The retardation phenomenon for multiple cycle
overloads is, indeed again, reasonably well accounted for quantitatively
using the crack tip closure model. The next step.in a study of this type

is to super impose a more complex loading pattern in an attempt to simu-

late spectrum loading.

Cow o Wwcid e -

II1I. 6. Conclusions

{1] Underaged microstructures (T351) have sﬁown continuous cyeclic
hardening over the entire strain amplitude range whereas peakaged (T851)
or slightly overaged (T851%*) microstructures have shown continuous cyclic
softening until fracture. Fatigue initiation life based on the plastic
strain control tests haé'not shown any significant difference between
the microstructures tested. Plastic strain control test provided a more
accurate corrclation with Ehe Coffin-Manson plot than total strain

control tests for microstructures tested here. Fatigue crack frequently

L
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.initiated from the second phase particles on the surface.

[2] Crack closure model provided-an accurate and quantitative
description of overload retardation effects as well as crack growth in
constant amplitude loading. The magnitude of crack oPepipg loads
seemed to be associ;;;d wiﬁh the mode oé crack advance. At low Kmax
level, that is beiow the transition in Kopen/Kmax , the crack fromt
seemed to undergo out-of-plane shearing which led to the rough fracture
surface topology. This transition of closure load correlated well with
a critical value of Kmax which yielded a computed zone size approximately
equal to the grain width.

{3] The underaged micr?structure and the céa;§g grain size material

showed large crack tip closure lcads and thus low crack growth rates.

These behaviors are attributed to an increased tendency for localized

shearing within the grain matrices.
- [4] Overload effect was cumulative when subsequent overloads were
F applied before crack had fully grown out of the overload affected zone.

The gréatest amounts of retardation following single cycle and periodic

T
PERSEA- AN

t a0

single cycle overloads was observed in underaged microstructures.

{5] The differential compliance technique employed in present

study produces a "mechanical definition"” of crack length and closure.

Ay fach AR AR 4

We believe that this technique is superior to surface measurement pro-

cedures in that-it provides a more realistic estimate of “through thick-
ness' phcnomena and is capable of detecting crack length changes of less

than 0.01 mm.
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Figure 5. Monotonic and cyclic stress-strain curves
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Figure 6. Cyclic hysteresis loops from 1 to 10 cycles
from the fine grained T851 temper, tested at
total strain amplitude of £ 1.0Z. The doubly
, inflected behavior of reversed deformation
. are shown clearly in the first hysteresis loop
and diminishes as the cyclic loading goes on . . . . . 28

Figure 7. Cyclic response curves for different microstructures
from total strain control tests
(a) T351 (b) T851 (c) T851* (d) Fine grained
T851 temper. The constant strain amplitudes in
percent arc indicated on the curves. Note that
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the cyclic stress amplitude was determined by

taking average values of tensile and compressive

peaks in each hysteresis loop. Only the T351

temper shows cyclic hardening behavior . . . . . . . . 30

Figure 8. Hysteresis loops of 1 to 10 cycles taken from
the plastic strain control test on T851 temper.
The plastic strain amplitude was + 0.5%.
Slightly wavy curves are due to stepwise motion
of loading ram by computer control. Note that
the half widths of the hysteresis loops are
‘smaller than the plastic strain amplitude,
probably due to reversed plastic flow even at
positive stress . . . . . . s . 4 s s s e e s e o« 33

Figure 9. Cyclic response curves obtained from plastic
strain control tests
(a) T351 (b) T851 (c) T851* (d) Fine grained
T851 temper. The plastic strain amplitude in
percent are indicated on the curves. These
magnitudes are corrected values according to
explanations in the text . . . . . . « « ¢+ ¢ ¢« ¢« + .+ « 34

Figure 10. (a) Typical stress-strain hysteresis loop.
Total strain can be divided into an
elastic strain portion and a plastic
strain portion.
(b) Typical strain-life curves for elaotic.
plastic and total strain amplitudes.
For the notations, see the text . . . . . . + « o 37

Figure 11. Strain-fatigue life relations for different
microstructures studied
(a) T351 (b) T851 (c) T851* (d) Fine grained
T851 temper. In these graphs, the cross mark
represents the computed plastic strain ampli-
tude determined at half life in total strain
control test, whereas the open square represents
the fixed value from the plastic strain control
test. Note that the T351 temper shows a big
differcence between two values . . « « « ¢ o o o » ¢ o 39

Figure 12. Fatigue life vs plastic strain amplitude plot.
' Only the results obtained from plastic strain
control tests were plottcd to compare the LCF

resistance of different microstructures . . . . . . . 42

Figure 13. SEM photograph showing a cluster of surface cracks
around the fatigue crack initiacion site marked as
A. Surface cracks are parallel to fracture surface
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and left cheveron marks below the initiation
site. From the T351 temper in the plastic
strain amplitude of + 0.2X x 150 . . . . « « « « + « « 43

Figure 14. SEM fractographs taken from the T851*% temper
specimen tested at £ 0.5% total strain
amplitude
(a) Multiple initiation sites are shown as’
A, B, C at low magnification (x15)
(b) Magnified view (x150) of A shows feathery
marks emanating from nucleation "eye'.
“(e) and (d) are higher magnification of B
and C, respectively . . . . ¢ ¢ ¢ ¢ ¢ o +» » s o « 45

Figure 15. SEM fractographs showing large second phase
inclusions on the initiation site
(a) inclusion of 15 um x 700, T851 temper
(b) inclusion of 20 um x 400, T851 temper
EDAX analysis showed that both inclusions are
Si-bearing impurity particles . . . . . . « « « « « « 47

Figure 16. Transitions from Stage I to Stage II
characterized by (a) striations perpendi-
cular to propagation directions or (b)
steps; (a) also shows a small inclusion
on the initiation "eye" which turned out
as CuAR.2 by EDAX analysis . . . . «'c 4 ¢ ¢ o o« « « 48

Figure 17. Ductile striations comprising secondary
cracks at the roots
(a) T851 temper at x1500 magnification
(b) T851* temper at x900 magnification . . . . . . . . 49

Figure 18. The end stage of fatigue shows the mixed
- mode of ductile striation and intermingled
B d 1mp1es L] - L] . L] L] - L] L] L] L) - . - L 2 - - - - - - - L] So

Figure 19. The final overloaded zone by tensile fracture
shows stretched zone and dimples associated
with the second-phase particles . . . . . . . . . « « 50

Figure 20.f Block diagram of differcntial compliance
* \ sys'cem * * . * L] L] L] - . L] L] L] L] [ ] L] ] . L] . L] L] * L] SS

Figure 21. Photographs of unreduced data as plotted X-Y
recorders in the laboratory
(a) Recorded curves of load vs load point
displacement
(b) Recorded curves of load vs differential
displacement for uniform loading
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(c) Same as (b)
(d) Same as (b) and (c) after a single
cycleoverload . . . ¢« 2 ¢ ¢ ¢ ¢ o o o ¢ o o

"Frictionless grips" used for compliance

measurements

(a) A view of compact tension specimen and
hanger plates with labelling corres-
ponding to that in (b)

(b) Schematic diagram of bending of a
specimen and of cowpensating flexing
of hanger plates for the grip con-
figuration shown in (a). N indicates
the flexible necked-down sections of
the hanger plates, P indicates the
loading pins and S indicates the set
screws used to prevent rotation of
specimen about the pins . . . . . . . . . .

Dimensions of our modified compact tension
specimens (unit:mm). Note that the modi-

fied specimen has the razor edges on its

load line to measure the load-line dis-
placement . . . ¢ ¢ ¢ o ¢ 4 o o e e o 4 e o & o

Fatigue crack closure in coarse and fine

grain 2048 aluminum represented in terms

of the ratio Kypen/Kpax versus normalized

crack length a?w. Closed squares represented

a test involving load reductions following the
transition from high to low closure which

shows increasing closure behavior. Note that
there is no apparent transition in the case

of constant Kp,. < Keransition® 28 shown with
asterisks . . . ¢ ¢ ¢ 0 s s e e s e e e e e

Typical crack growth rate data for three
different tempers represented in terms of
AK and AKe ff L . . . L] L . L] L ] - L] - L] L] L . L] L]

Load-crack opening displacement curves for

' different microstructures tested. The
steeper lincar slope for T351 temper 1is duc

to short crack length. P4, the intersection
point of curve and 0.95 o? linear slope, is
used for calculation of Kyc value . . . . . . .

Optical microsc&py of fatiguc crack profile
showing a number of microbranches prior to the
transicion point which is indicated by the arrow
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(a) Scanning electron fractograph showing
secondary cracks labelled by "A"
parallel to the specimen surface. The
propagation direction was indicated by
the arrow.

(b) Typical scanning electron fractograph of
2048 aluminum showing a fragment labelled
by "B". The propagation direction was
indicated by the arrow . . . . . . . . . .

.Results on overload retardation in crack growth -
following a single cycle overload in 2048-T851.
(a) Crack length vs number of cycles applied.

The solid line represents the estimated
crack growth rate curve without overload.

(b) Variation of lower and upper opening loads
with crack length. The straight solid line
shows the level of single opening loads
before the overload. Note that the lower
opening load disappears to become a single
opening load after point 15, implying that
the crack has grown out of the overload
affected region.

(c) Lower and upper opening loads vs number of
cycles applied. The solid line again shows
the level of opening loads before the over-
load. ‘ '

(d) Crack growth rates vs AK,g¢. The closed
circles indicate the crack growth rates
before overload and the open circle after
overload . . . . . ¢ ¢ ¢ 4 e o e 0 e e s .

Retardation of crack growth in the T351 temper
following periodic single cycle overload with
5000 cycle intervals

(a) Crack length vs number of cycles applied.
The solid curve shows the estimated growth
rate curve without any overloads.

(b) Closure level variation with number of
cycles. Note that the average closure
levels monotonically increase following
each overload . . . . ¢« ¢ ¢ o o ¢ o ¢ o &

Results on crack retardation in the T851%*
temper by "isolated"” single cycle overloads
(a) Crack length vs number of cycles applied.
{b) Closure level variation with number of
cycles. The absence of cumulative effects
in (a) can be explained by the monotonic
decrcasc of average closure levels after
cach overload . ¢ « ¢ o o o ¢ o o o o & o
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Figure 32. Crack growth retardation in the T851 temper
following periodic single cycle overload with
3000 cycle intervals
(a) Crack length vs number of cycles applied.

The crack growth rate curve is gradually
decreasing after undergoing each overload
(b) Magnified growth curve showing the decreas-
ing slope following each overload
(¢) Closure level variation with number of
cycles. The apparently increasing closure
levels would predict decrease in growth

Figure 33. Comparison of overload retardation after multiple
overloads for the three tempers. Overload inter-
vals are 5000 cycles for the T351 and T851* tempers

Figure 34. Crack growth data after eaca overload for three
different tempers in terms of 8K, The straight
lines on each plot are based upon %igure 25,
which shows the results from uniform load
amplitudes . . . . ¢ . 4 ¢ 4 4 e e b e 0 e s e e e

Figure 35. Scanning electron fractograph of the overload
zone in 2048 aluminum. The propagation

Figure 36. SEM fractographs after periodic overloads
(a) T851 temper subjected to eight overloads.
The first five overloads are indicated as

o a guide to their location.

g (b) T851* temper

?l (c) T351 temper

- The comparison of computed and measured crack

'i length changes establishes the accuracy of the

2 differential compliance technique . . . . . . . ..
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